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A B S T R A C T  
 
Pr ot ei n ki n as e G ( P K G) a cti v ati o n is pr ot e cti v e i n v ari o us c ar di o v as c ul ar dis e as es, 
i n cl u di n g is c h e mi a, h y p ertr o p h y, a n d h e art f ail ur e. P K G is a cti v at e d b y c y cli c g u a n osi n e 
m o n o p h os p h at e ( c G M P), w hi c h is pr o d u c e d b y g u a n yl yl c y cl as es a n d d e gr a d e d b y 
p h os p h o di est er as es ( P D Es). I n t h e h e art, t h er e ar e t w o c G M P -s el e cti v e P D Es , P D E 5 an d 
P D E 9. I n hi bi ti o n of eit h er P D E  is pr ot e cti v e i n a m o us e pr ess ur e-o v erl o a d -i n d u c e d m o d el 
of c ar di a c h y p ertr o p h y a n d f ail ur e, i m pr o vi n g f u n cti o n a n d d e cr e asi n g m al a d a pti v e 
r e m o d eli n g a n d p at h ol o gi c al m ol e c ul ar si g n ali n g. H o w e v er, d es pit e t h es e  si mil ariti es, t h er e is 
still m u c h t o b e u n d erst o o d a b o ut t h e diff er e nti al si g n ali n g aff or d e d b y t h es e t w o e n z y m es, 
i n cl u di n g t h eir eff e cts o n tr a ns cri pti o n al r e g ul ati o n a n d n a n o-c o m p art m e nt pr ot ei n 
p art n eri n g.  
 T his t h esis r e p orts t w o pri m ar y st u di e s. T h e first st u dy t este d  t h e h y p ot h esis t h at 
mi cr o R N A a n d m R N A r e g ul ati o n b y P D E 5 a n d P D E 9 r e v e als diff er e nt tr a ns cri pt o mi c 
si g n at ur es r efl e cti n g t h eir n a n o d o m ai n c o ntr ol of c G M P. T o e x a mi n e t his, m R N A a n d 
mi R N A s e q u e n ci n g w as p erf or m e d o n m y o c ar di u m fr o m mi c e s u bj e ct e d t o pr ess ur e -
o v erl o a d  a n d  tr e at ed wit h eit h er  a P D E 5  or P D E 9 i n hi bit or.  In hi biti o n of eit h er  P D E  
si g nifi c a ntl y alt er e d  m R N A tr a ns cri pti o n, wit h si mil ar p at h w a ys e n g a g e d  b y e a c h tr e at m e n t. 
B y c o nt r ast, e a c h i n hi bit or h a d  a dr a m ati c all y diff er e nt i m p a ct o n mi R N A e x pr essi o n . P D E 5 
i n hi biti o n br o a dl y r e d u c e d  mi R N A e x pr essi o n , w hil e P D E 9 i n hi biti o n h a d  ess e nti all y n o 
i m p a ct o n mi R N As r el ati v e to pr ess ur e -o v erl o a d.  N ot a bl y, e v e n if a si mil ar sti m ul ati o n 
p at h w a y w as  e n g a g e d,  as b et w e e n P D E 5  i n hi biti o n a n d  s G C a cti v ati on , t h e mi R N A r es ults 
w er e  n ot f ull y r e pli c ati v e.   
 iii 
 T h e s e c o n d st u d y e x a mi n e d  w h er e P D E 5 a n d P D E 9 r esi d e i n  t h e c ar di o m y o c yt e,  
s p e cifi c all y i d e ntif yi n g i nt er a cti n g pr ot ei ns i n t h eir n a n o d o m ai n s t hr o u g h t w o a p pr o a c h es . I n 
t h e first a p pr o a c h , I p erf or m e d c o -i m m u n o pr e ci pit ati o n of  P D E 9  f oll o w e d b y m ass 
s p e ctr om etr y . T his r e v e al e d a cl ust er of pr ot ei ns b o u n d t o  P D E 9 , i n cl u di n g m a n y  i n t h e 
mit o c h o n dri al m e m br a n e  a n d  a n u m b er of s ar c o pl as mi c r eti c ular  pr ot ei ns , w hi c h w er e  
l ar g ely u n c h a n g e d u n d er pr o -h y p ertr o p hi c gr o wt h  c o n diti o ns . T h e s e c o n d a p pr o a c h utili z e d 
A P E X 2 -P D E f usi o n pr ot ei ns . U p o n H 2 O 2  sti m ul ati o n, A P E X 2 bi oti n yl at es  n ei g h b ori n g 
pr ot ei ns , w hi c h c a n b e p ull e d d o w n a n d s u bj e ct e d t o m ass s p e ctr o m etr y . A P E X 2 -t a g g e d 
P D E c o nstr u cts w er e v erifi e d  a n d o pti mi z e d , y et m ass s p e ctr o m etr y  a n al ysis f ail e d t o 
i d e ntif y bi oti n yl at e d pr ot ei ns . O n g oi n g eff orts ar e re -e x a mi ni n g t h es e s p e ctr a t o i m pr o v e 
i d e ntifi c ati o n of pr ot ei ns  s el e cti v el y bi oti n yl at e d b y P D E 5 a n d P D E 9 .   
 
A d vis or: D a vi d K ass, M D  
R e a d er: Bri a n O’ R o ur k e, P h D   
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A C K N O W L E D G M E N T S  
 
I w o ul d first a n d f or e m ost li k e t o t h a n k m y a d vis or, Dr. D a vi d K ass. Wit h o ut his 
s u p p ort a n d m e nt ors hi p o v er t h e  p ast 5 y e ars, I w o ul d n e v er h a v e b e c o m e t h e s ci e ntist t h at I 
a m n o w. Fr o m t h e d a y I first a p pr o a c h e d hi m a b o ut a r ot ati o n, h e h as b e e n h o n est a n d 
i nsi g htf ul, al w a ys t elli n g m e his t h ou g hts a n d gi vi n g a d vi c e o n b ot h s ci e n c e a n d lif e. I w o ul d 
als o li k e t o t h a n k m y c o m mitt e e m e m b ers: Bri a n O’ R o ur k e, M ar k A n d ers o n, a n d Bri a n 
F ost er, as w ell as Ji n Z h a n g a n d R y u y a F u k u n a g a (f or m er c o m mitt e e m e m b ers). I a m 
gr at ef ul f or t h eir i n si g ht, as w ell as f or D a vi d a n d Ji n c o mi n g b a c k t o r es c u e m e fr o m t h e 
D ali M us e u m b ef o r e t h e G R C b us l eft wit h o ut m e. 
I w o ul d n e xt li k e t o e x pr ess m y gr atit u d e t o m y l a b m at es b ot h p ast a n d pr es e nt i n 
t h e K ass l a b i n cl u di n g: Gr a c e Ki m, Bri a n Li n, Britt a n y D u n k erl y -E yri n g, D o n g L e e, S u mit a 
Mis hr a, C hristi a n O ei n g, Vir gi ni a H a h n, J o n at h a n Kir k, T ais hi N a k a m ur a, a n d St e v e Hs u. I n 
p arti c ul ar I w o ul d li k e t o t h a n k M ar k R a n e k, w h o m e nt or e d m e w h e n I w as a r ot ati o n 
st u d e nt a n d is still s o m e o n e fr o m w h o m I fr e q u e nt l y s e e k a d vi c e.  
I w o ul d f urt h er m or e li k e t o t h a n k t h e C ell ul ar a n d M ol e c ul ar M e di ci n e  gr a d u at e 
pr o gr a m, wit h o ut w h o m I w o ul d n ot b e h er e at all. I p arti c ul arl y w o ul d li k e t o a c k n o wl e d g e 
C oll e e n Gr a h a m a n d L esli e Li c ht er f or t h eir s u p p ort o v er m y y e ars i n t h e C M M pr o gr am.  
Fi n all y, I w o ul d li k e t o t h a n k m y f a mil y. I a m i m m e ns el y gr at ef ul t o m y p ar e nts f or 
al w a ys e n c o ur a gi n g m e t o p urs u e m y p assi o ns, a n d s u p p orti n g m e e v er y st e p of t h e w a y. 
A n d of c o urs e, I d o n’t k n o w w h at I w o ul d h a v e d o n e wit h o ut m y h us b a n d , B e n Si m o n, wh o 
t ol er at e d m a n y h o urs of s ci e ntifi c t al k t h at w as m e a ni n gl ess t o hi m , a n d e n c o ur a g e d m e 
w h e n e v er  I f elt fr ustr at e d or d ef e at e d.  
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T h e w or k i n t his diss ert ati o n w as s u p p ort e d i n p art b y a R ut h L. Kirs c hst ei n 
N ati o n al R es e ar c h S er vi c e A w ar d I n di vi d u al Pr e d o ct or al F ell o ws hi p fr o m t h e N ati o n al 
L u n g, H e art, Bl o o d a n d L u n g I nstit ut e ( F 3 1 -H L 1 3 4 1 9 6).  
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 1  
C H A P T E R 1: I ntr o d u cti o n  
 
P h os p h o di est er as es ( P D Es) ar e m e m b ers of a n e n z y m e s u p erf a mil y t h at h y dr ol y z e 
c y cli c a d e n osi n e or g u a n osi n e 3 ¢, 5¢-m o n o p h os p h at e ( c A M P or c G M P, r es p e cti v el y). I n s o 
d oi n g, t h e y pr o vi d e fi n el y t u n e d a n d l o c ali z e d r e g ul ati o n of t h es e s e c o n d m ess e n g ers t o 
c o ntr ol t h eir r ol es i n c ell si g n ali n g. Si n c e t h e dis c o v er y of P D Es j ust o v er h alf a c e nt ur y a g o, 
r es e ar c h h as u n c o v er e d a m ulti pli cit y of s u b gr o u ps a n d is of or ms, t h e di v ers e r ol es pl a y e d b y 
t h es e e n z y m es, a n d t h e t h er a p e uti c v al u e t h at c an b e gl e a n e d b y t h eir s el e cti v e i n hi biti o n. 
S o m e i n hi bit ors ar e us e d wi d el y t o tr e at dis e as es s u c h as p ul m o n ar y h y p ert e nsi o n a n d 
er e cti l e d ysf u n cti o n, b ut ot h ers ar e b ei n g i n v esti g at e d a cti v el y wit h r es ur g e nt i nt er est i n t h eir 
bi ol o g y a n d r e g ul ati o n. B e y o n d w ell -r e c o g ni z e d diff er e n c es a m o n g t h e pri m ar y m e m b ers of 
t h e P D E s u p erf a mil y, r e c e nt st u di es h a v e r e v e al e d m aj or diff er e n c es i n t h eir r e g ul ati o n 
st e m mi n g fr o m t h e pr e cis e l o c ali z ati o n of t h es e e n z y m es wit hi n c ells. T his n a n o d o m ai n 
r e g ul ati o n d e p e n ds o n cell t y p e, P D E s u bt y p e, a n d is of or m a n d is yi el di n g n e w w a ys t o 
l e v er a g e t h eir m o d ul ati o n t o a c hi e v e v ari o us t h er a p e uti c g o als. T his r e v i e w dis c uss es n e w 
i nsi g hts i nt o c o m p art m e nt ati o n of P D E si g n ali n g wit h a f o c us o n t h eir r ol e i n t h e h e art i n 
b ot h h e alt h a n d dis e as e. W e r ef er t h e r e a d er t o s e v er al e x c ell e nt r e vi e ws o n P D Es 1, 2  t h at 
pr o vi d e e xt e nsi v e a n d c o m pl e m e nt ar y i nf or m ati o n t o w h at is pr es e nt e d h er e.  
 
C y cli c N u cl e oti d e P D E s: G e n er al F e at ur e s: T h e P D E s u p erf a mi l y c o m pris es 11 pri m ar y 
m e m b ers tr a ns cri b e d fr o m 2 1 g e n es t h at i n t ur n g e n er at e n e arl y 1 0 0 diff er e nt is of or ms. E a c h 
m e m b er s h ar es a si mil ar str u ct ur e b ut is f u n cti o n all y u ni q u e. T h e e xt e nsi v e n u m b er of 
is of or ms aris es fr o m m ulti pl e tr a ns cri pti o n st art sit es a n d alt er n ati v e s pli ci n g, a n d t h es e 
f e at ur es, al o n g wit h tiss u e- or c ell -s p e cifi c e x pr essi o n a n d i ntr a c ell ul ar l o c ali z ati o n, r es ult i n 
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i n di vi d u ali z e d si g n ali n g r ol es3 . E a c h P D E ( a n d oft e n is of or m) h as diff er e nt affi niti es f or t h e 
t w o c y cli c n u cl e oti d es, f a v ori n g o n e or t h e ot h er t o s o m e d e gr e e. P D E 1, 2, 3, 1 0, a n d 1 1 
h y dr ol y z e b ot h c A M P a n d c G M P, w h er e as P D E 4, 7, a n d 8 ar e c A M P s p e cifi c a n d P D E 5 A, 
6, a n d 9 A ar e c G M P s p e cifi c. Of t h es e, P D E 1 -5, P D E 8, a n d P D E 9 ar e e x pr e ss e d a n d 
f u n cti o n al i n t h e h e art. 
E a c h P D E c o nt ai ns a c o ns er v e d C -t er mi n al c at al yti c r e gi o n as w ell as a v ari a bl e 
N t er mi n us. T h e  c at al yti c sit e c o nsists of a p pr o xi m at el y 3 5 0 c o ns er v e d a mi n o a ci ds. 
Of t h es e, a n i n v ari a nt gl ut a mi n e r esi d u e h el ps f or m b o n ds wit h b ot h c y cli c n u cl e oti d es 
a n d P D E i n hi bit ors (f als e s u bstr at es), a n d a hi g hl y c o ns er v e d p h e n yl al a ni n e r esi d u e 
ai ds p arti c ul arl y  i n b o n d f or m ati o n t o i n hi bit ors4, 5 . T o g et h er, t h es e c o ns er v e d 
h y dr o p h o bi c r esi d u es  a ct as cl a m ps t o l o c k i n hi bit ors i n t h e a cti v e sit e. T h e b o n ds 
f or m e d d et er mi n e t h e ori e nt ati o n of t h e i n hi bit or i n t h e c at al ytic sit e, ulti m at el y 
i m p a cti n g h o w w ell it c a n i n hi bit t h e P D E. H o w e v er, v ari a bl e r esi d u es i n t h e a cti v e 
sit e als o pr o vi d e s u bt y pe i n hi bit or s p e cifi cit y. F or e x a m pl e, P D E 9 A h as a T yr 4 2 4 
r esi d u e, a sit e t h at is a P h e i n all ot h er is of or ms, all o wi n g f or t h e d esi g n of hi g hl y 
s p e cifi c P D E 9 A i n hi bit ors 6, 7 . T h e v ari a bl e N-t er mi n al r e gi o n of e a c h P D E pr o vi d es 
f u n cti o n al a n d l o c ali z ati o n diff er e n c es. I n a d diti o n, t h e N-t er mi n al r e gi o n c a n v ar y i n 
p osttr a nsl ati o n al m o difi c ati o ns (s u c h as p h os p h or yl ati o n sit es) t h at ulti m at el y i m p a ct 
P D E a cti vit y a n d c o m pl e xi n g wit h ot h er pr ot ei ns i n si g n al os o m es. Fi g ur e 1 .1  d e pi cts 
t h e m aj or m ol e c ul ar f e at ur es t h at c o ntr ol P D Es, i n cl u di n g all ost eri c r e g ul ati o n b y 
c y cli c n u cl e oti d es ( e. g., P D E 2 A;  Fi g u r e 1 .1 a ), i ntr a c ell ul ar t ar g eti n g b y N-t er mi n al 
r e gi o n-l o c ali zi n g s e q u e n c es ( e. g., P D E 4 A 1; Fi g u r e 1 .1 b ), a n d s u bstr ate s el e cti vit y i n 
t h e c at al yti c d o m ai n ( e. g., P D E 1 0 A 2; Fi g u r e 1 .1 c , d ). Fi g u r e 1 .2  s h o ws s c h e m ati cs 
f or t h e g e n er al str u ct ur e a nd r e g ul at or y m o d ul ati o n f or all t h e P D Es f o u n d i n h e art.  
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Fi g ur e 1 .1: M e c h a ni s m s of P D E r e g ul ati o n, l o c ali z ati o n, a n d s u b str at e 
s el e cti vit y.  
 
Fi g ur e 1 .1: M e c h a ni s m s of P D E r e g ul ati o n, l o c ali z ati o n, a n d s u b str at e s el e cti vit y.  (a ) 
All os t eri c r e g ul ati o n of P D E 2 A. T h e di m eri c pr ot ei n s h o ws a n i nt er m ol e c ul ar i nt erf a c e 
al o n g t h e e ntir e l e n gt h of t h e t w o m o n o m ers, i n cl u di n g bi n di n g of t h e t w o c at al yti c d o m ai ns 
t h at i n hi bit c y cli c n u cl e oti d e h y dr ol ysis. A n H-l o o p d o m ai n (r esi d u es 7 0 2-7 2 3) f ol d s i n a 
p ositi o n t o bl o c k t h e a cti v e bi n di n g sit e. H o w e v er, w h e n c G M P bi n ds t o t h e G A F -B 
r e g ul at or y d o m ai n (T h es e m otifs ar e n a m e d ‘ G A F d o m ai ns’ f or t h eir pr es e n c e i n c G M P -
r e g ul at e d c y cli c n u cl e oti d e P D Es, c ert ai n a d e n yl yl c y cl as es a n d t h e b a ct eri al tr a ns cr i pti o n 
f a ct or F hl A), t h e H-l o o ps s wi n g o ut, s e p ar ati n g t h e c at al yti c d o m ai ns a n d e x p osi n g t h e 
a cti v e sit es. T his r es ults i n e n h a n c e d c A M P h y dr ol ysis. P a n el a d a pt e d fr o m R ef er e n c e 8 wit h 
p er missi o n 8 . (b ) N t er mi n us t ar g eti n g of P D E 4 A 1. P D E 4 is of or ms c o nt ai n N T Rs i n t h e first 
t w o e x o ns t h at c o d e f or eff e cti v e i ntr a c ell ul ar zi p c o d es, t ar g eti n g t h e pr ot ei n t o s p e cifi c 
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l o c ati o ns i n t h e c ell. T h e e x a m pl e h er e is f or t h e s u p ers h ort f or m of P D E 4 A 1, w h er e t h e 
N T R c o nt ai ns t w o h eli x r e gi o ns s e p ar at e d b y a li n k er. C al ci u m i nt er a cti o n wit h a n as p art at e 
r esi d u e ( As p 2 1) tri g g ers a c o nf or m ati o n al c h a n g e i n h eli x-2, all o wi n g t w o tr y pt o p h a ns 
( Tr p 1 9 a n d 2 0) a n d o n e l e u ci n e ( Le u 1 6) t o i ns ert i nt o t h e G ol gi m e m br a n e f or s p e cifi c 
t ar g eti n g. P a n el a d a pt e d fr o m R ef er e n c e 9 wit h p er missi o n 9 . (c) c A M P pl a c e m e nt i n t h e 
c at al yti c sit e of t h e d u al -s u bstr at e est er as e P D E 1 0 A 2. Bi n di n g is i n t h e sy n c o nf or m ati o n. 
Zi n c ( re d b all) c o or di n at es b o n ds b et w e e n His 5 2 9, His 5 6 3, As p 5 6 4, a n d As p 6 7 4. T h e s e c o n d, 
l ess cl e arl y d efi n e d m et al ( M e-2) is s h o w n b y  a p ur pl e b all. H y dr o g e n b o n ds ar e d e n ot e d b y 
d ott e d li n es. T h e i n v ari a nt Gl n 7 2 6 m a k es t w o h y dr o g e n b o n ds wit h N 1 a n d N 6 of c A M P, 
t h e a d e ni n e ri n g is e m br a c e d b y t h e h y dr o p h o bi c cl a m p f or m e d b y P h e 7 2 9 o n o n e si d e a n d 
P h e 6 9 6 a n d Il e 6 9 2 o n t h e ot h er si d e, a n d t h e c y cli c p h os p h at e gr o u p f or ms o n e h y dr o g e n 
b o n d wit h His 5 2 5 a n d t hr e e b o n ds wit h w at er m ol e c ul es ( n ot s h o w n). ( d ) c GM P pl a c e m e nt 
i n t h e c at al yti c sit e of P D E 1 0 A 2. c G M P bi n di n g i n v ol v es a n a p pr o xi m at el y 1 8 0 ° ori e nt ati o n 
fli p as c o m p ar e d t o c A M P, b ut t h e g u a ni n e is s a n d wi c h e d i n t h e s a m e h y dr o p h o bi c cl a m p 
a n d t h e p h os p h at es o c c u p y a si mil ar l o c ati o n. I n c o ntr ast t o c A M P b i n di n g, t h e i n v ari a nt 
Gl n 7 2 6 m a k es o nl y o n e h y dr o g e n b o n d wit h N 7 of c G M P. P a n els c a n d d  a d a pt e d fr o m 
R ef er e n c e 2  wit h p er missi o n. A b b r e vi ati o ns: c A M P, c y cli c a d e n osi n e 3¢, 5¢-m o n o p h os p h at e; 
c G M P, c y cli c g u a n osi n e 3 ¢, 5¢-m o n o p h os p h at e; G A F d o m ai n; N T R, N -t er mi n al r e gi o n; 
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Fi g ur e 1 .2: C o m p ar ati v e str u ct ur e a n d r e g ul ati o n of c ar di a c P D E s.  
 
Fi g ur e 1 .2: C o m p ar ati v e str u ct ur e a n d r e g ul ati o n of c ar di a c P D E s.  
E a c h P D E is s h o w n wit h c orr es p o n di n g d et ails p ert ai ni n g t o its r e g ul at or y N -t er mi n al 
r e gi o n. P h os p h or yl ati o n sit es a n d t h e ass o ci at e d ki n as es ar e s h o w n, al o n g wit h c y cli c 
n u cl e oti d e --bi n di n g G A F d o m ai ns , u pstr e a m c o ns er v e d r e gi o ns ( U C Rs), tr a ns m e m br a n e 
d o m ai n ( T Ms), c al m o d uli n ( C a M) bi n di n g sit es, a n d m e m br a n e a n c h ori n g d o m ai ns. Ot h er 
a b br e vi ati o ns: C a M KII, c al ci u m -c al m o d uli n d e p e n d e nt ki n as e -II; c G, c y cli c g u a n osi n e 3¢, 5¢-
m o n o p h os p h at e; E R K 2, e xtr a c ell u l ar si g n al-r e g ul at e d ki n as e 2; G A F d o m ai n; P A S d o m ai n; 
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Virt u all y all P D E i n hi bit ors, w h et h er i d e ntifi e d b y tr a diti o n al s m all -m ol e c ul e 
s cr e e ni n g or d esi g n e d fr o m k n o w n str u ct ur al c h e mistr y, t ar g et t h e c at al yti c sit e. Br o a d -
b as e d i n hi bit ors w er e dis c o v er e d first, n ot a bl y t h e x a nt hi n e d eri v ati v es s u c h as 
t h e o ph ylli n e, c aff ei n e, a n d 3 -is o b ut yl-1 -m et h yl x a nt hi n e (I B M X). T h e o p h ylli n e w as t h e 
e arli est P D E -i n hi biti n g p h ar m a c e uti c al t o b e c o me a dr u g i n t h e e arl y t w e nti et h 
c e nt ur y. It c o m bi n e d i n otr o pi c, di ur eti c, a n d br o n c h os p as m ol yti c pr o p erti es. 
H o w e v er, it als o i n d u c e d arr h yt h mi as, i n cl u di n g t a c h y c ar di a, a n d c o ul d c a us e n a us e a, 
v o miti n g, or w ors e, s ei z ur es. It w as als o f airl y w e a k, a n d e v e n l o w d os es c o ul d pr o d u c e 
s eri o us a d v ers e eff e cts. T his l a c k of p ot e n c y a n d n o ns el e cti v e a cti vit y di mi nis h e d its 
t h er a p e uti c us e. I B M X w as us e d wi d el y i n c ell ul ar a n d bi o c h e mistr y st u di es, b ut it 
i n hi bit e d all P D Es e x c e pt P D E 8 a n d P D E 9. M et h o ds t o b ett er id e ntif y a n d s e p ar at e 
P D E is of or ms usi n g a ni o n e x c h a n g e c hr o m at o gr a p h y w er e r e p ort e d i n t h e 1 9 7 0s, a n d 
wit h t h e r e p ort fr o m R e e v es  et al.  i n 1 9 8 71 0 , t h e c urr e nt s yst e m of  P D E 1 -P D E 5 A w as 
est a blis h e d. S u bs e q u e nt w or k b y C o nti & B e a v o 1 1  est a blis h e d t h e c urr e nt s u p erf a mil y 
cl assifi c ati o n. S el e cti v e P D E s e p ar ati o n e n a bl e d i d e ntifi c ati o n of s el e c ti v e a nt a g o nists, 
s u c h as a mri n o n e f or P D E3 a n d r oli pr a m f or P D E 4. N e w er eff orts ar e t a ki n g 
a d v a nt a g e of m ol e c ul ar str u ct ur al d at a t o g e n er at e e v e n m or e s el e cti v e a n d p o t e nt 
i n hi bit ors, wit h I C5 0  v al u es i n t h e n a n o m ol ar or pi c o m ol ar r a n g e.  
c A M P a n d c G M P ar e criti c al s e c o n d m ess e n g ers i nfl u e n ci n g m a n y si g n ali n g 
p at h w a ys i n t h e h e art. c A M P is pr o d u c e d b y 1 of 1 0 a d e n yl yl c y cl as e ( A C) is of or ms ( 9 
of w hi c h ar e tr a ns m e m br a n e),  wit h diff er e nti al e x pr essi o n a m o n g c ell t y p es. I n t h e 
h e art, C a 2 + -i n hi bit e d A C 5 a n d A C6 d o mi n at e, w h er e as C a 2 + -a cti v at e d A C 1 a n d  A C 7 
ar e e x pr ess e d i n si n o atri al n o d al c ells 1 2 . c A M P c a n i n t ur n a cti v at e pr ot ei n ki n as e A 
( P K A) or t h e g u a ni n e-n u cl e oti d e e x c h a n g e f a ct or E p a c 1 3 , b ot h c a p a bl e of m o dif yi n g 
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c ell ul ar gr o wt h a n d f u n cti o n. P K A pr o vi d es r a pi d r es p o ns e c h a n g es t o str ess b y 
p h os p h or yl ati n g a br o a d v ari et y of t ar g ets, i n cl u di n g t h e v olt a g e -g at e d L -t y p e c al ci u m 
c h a n n el ( L T C C); t h e c al ci u m c y cli n g pr ot ei ns p h os p h ol a m b a n ( P L B) a n d r y a n o di n e 
r e c e pt or ( R y R 2); t h e m y ofil a m e nt pr ot ei ns m y osi n bi n di n g pr ot ei n C, titi n, tr o p o ni n I; 
a n d o t h er pr ot eins. P h os p h or yl ati o n of t h es e pr ot ei ns e n h a n c es C a 2 +  i nfl u x a n d c y cli n g 
b y t h e s ar c o pl as mi c r eti c ul u m ( S R) as w ell as s ar c o m er e c o ntr a ctilit y, r el a x ati o n, a n d 
m y o c yt e dist e nsi bilit y. E p a c is ass o ci at e d wit h i ntr a c ell ul ar C a 2 +  m o d ul ati o n b y 
c al ci u m -c al m o d uli n d e p e n d e nt ki n as e -II ( C a M KII), t h e p h os p h at as e c al ci n e uri n, a n d 
G T P -bi n di n g pr ot ei ns 1 4 . c A M P c a n als o a cti v at e c A M P r es p o ns e-el e m e nt bi n di n g 
pr ot ei n ( C R E B)  vi a P K A -m e di at e d p h os p h or yl ati o n t o pr o m ot e g e n e e x pr essi o n 1 5 . 
D e p e n di n g o n t h e pr e cis e n at ur e of c A M P sti m ul ati o n a n d its c orr es p o n di n g 
d o w nstr e a m a cti v at ors, c hr o ni c sti m ul ati o n c a n b e d etri m e nt al t o b ot h c ar di a c 
str u ct ur e a n d f u n cti o n. I n a d diti o n t o c o ntr a cti o n, c A M P als o r e g ul at es h e art r at e b y  
aff e cti n g h y p er p ol ari z ati o n -a cti v at e d c y cli c  n u cl e oti d e g at e d -c h a n n els ( H C Ns) 1 6 . I n 
mi c e, g e n e d e l eti o n of t h e m ost pr o mi n e nt is of or m, H C N 4, r es ults i n m ar k e d sl o wi n g 
of h e art r at e a n d h e art  bl o c k 1 7 . H o w e v er, c h a n n el g ati n g of H C N 4 is r e g ul at e d n ot 
o nl y b y c A M P 1 8  b ut a ls o b y P K A p h os p h or yl ati o n vi a a p ar all el p at h w a y1 9 . 
c G M P is pr o d u c e d b y o n e of t w o g u a n yl yl c y cl as es ( G Cs) 2 0 . T h e first is a s ol u bl e 
G C (s G C), l o c at e d b ot h i n t h e c yt o pl as m a n d at t h e pl as m a m e m br a n e 2 1, 2 2 , t h at is 
a cti v at e d b y nitri c o xi d e ( N O) pr o d u c e d b y N O s y nt h as e ( N O S). I n m y o c yt es, β 3 -
a dr e n er gi c r e c e pt ors ( β 3 -A Rs) a cti v at e t his e n z y m e 2 3 -2 5 . T h e s e c o n d G C is a n 
i ntr a c ell ul ar m e m br a n e-l o c ali z e d e n z y m e t h at is c o u pl e d t o t h e n atri ur eti c p e pti d e 
( N P) r e c e pt or ( G C-A / B) a n d a cti v at e d u p o n r e c e pt or a g o nis m. c G M P i n t ur n 
a cti v at es pr ot ei n ki n as e G ( P K G), w hi c h p h os p h or yl at es m ulti pl e i ntr a c ell ul ar t ar g ets. 
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P K G is e x pr ess e d b y t w o g e n es, Pr kg 1  a n d Pr kg 2 , t h e f or m er e xisti n g as t w o s pli c e 
v ari a nts ---Pr kg 1 a  a n d Pr kg 1 b . Of t h es e, P K G 1a  pr ot ei n is t h e m ost pr o mi n e ntl y 
e x pr ess e d i n t h e c ar di o v as c ul ar s yst e m. I n m y o c yt es, t ar g ets of p h os p h or yl ati o n b y 
P K G i n cl u d e m e m b ers of t h e tr a nsi e nt r e c e pt or p ot e nti al c h a n n els 2 6, 2 7 , r e g ul ator of G 
pr ot ei n si g n ali n g pr ot e i ns2 8 -3 0 , tr o p o ni n I2 5, 3 1 , m y osi n bi n di n g pr ot ei n C 3 2 , P L B, 
P D E 5 A 3 3 , t h e pr ot e as o m e3 4 , a n d t h e mit o c h o n dri al KA T P  c h a n n el 3 5 . As t h es e st u di es 
d e m o nstr a t e, P K G a cts as a br a k e t h at c an c o u nt er p h ysi ol o gi c al a n d p at h ol o gi c al 
str ess a n d pr o vi d e c ar di o pr ot e cti o n i n h y p ertr o p hi e d, is c h e mi c, a n d f aili n g h e arts.  
 
P D E s a n d t h e C o m p art m e nt ati o n of C y cli c N u cl e oti d e Si g n ali n g:  All c o m p o n e nts of 
t h e c A M P a n d c G M P si g n al os o m e r esi d e wit hi n disti nct i ntr a c ell ul ar c o m p art m e nts, w hi c h 
i n cl u d e l o c all y distri b ut e d P D Es. F or c A M P-P K A, t his c o m pl e x c o al es c es ar o u n d a f a mil y of 
pr ot ei ns k n o w n as A -ki n as e -a n c h ori n g pr o t ei ns3 6 . T h er e is n o dir e ct c orr el at e f or c G M P-
P K G, alt h o u g h G -ki n as e -i nt er a cti n g pr ot ei ns h av e b e e n r e p ort e d a n d ar e t h o u g h t t o bi n d t o 
P K G vi a its N t er mi n us c oil e d c oil (l e u ci n e zi p p er) d o m ai n 3 7 -3 9 . T h es e s yst e ms f or c A M P a n d 
c G M P e n a bl e e a c h of t h e c y cli c n u cl e oti d es t o r e g ul at e c ell si g n ali n g diff er e n tl y d e p e n di n g 
o n h o w a n d w h er e t h e y w er e a ct u at e d. 
E x pl or ati o n of n a n o d o m ai n c o nt r ol h as d e v el o p e d r a pi dl y wit h a d v a n c es i n 
g e n eti c all y e n c o d e d fl u or es c e nt pr ot ei ns t h at c a n d et e ct r e gi o n all y cir c u ms cri b e d c y cli c 
n u cl e oti d es or ki n as e a cti vit y. M ost of t h e s e r el y o n F örst er r es o n a n c e e n er g y tr a nsf er 
( F R E T), a n d s e v er al h a v e b e e n st a bl y, g e n eti c all y i ntr o d u c e d i nt o mi c e, all o wi n g 
is ol ati o n of m at ur e c ells c o nt ai ni n g a c A M P- or c G M P -s e nsiti v e s e ns or 4 0 -4 3 . S o f ar, t h e 
gr e at est s u c c ess h as b e e n wit h c A M P -P K A wit h e x c ell e nt r e p ort ers f or b ot h. c G M P 
s e ns ors h a v e b e e n m or e diffi c ult t o d e v el o p, i n p art  b e c a us e c G M P l e v els ar e oft e n 
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v er y l o w a n d t h us r e q uir e gr e at er r e p ort er s e nsiti vit y. A s u c c essf ul P K G -a cti vit y s e ns or 
h as n ot y et b e e n d e v el o p e d. Still, e xisti n g pr o b es ar e pr o vi di n g i n vitr o a n d i n vi v o 
u n d erst a n di n g of h o w c o m p art m e nt ati o n is r e g ul at e d . 
St u di es wit h c A M P F R E T bi os e ns ors t ar g et e d t o t h e pl as m a m e m br a n e a n d t h e 
sar c o pl as mi c e n d o pl as mi c r eti c ul u m c al ci u m ( C a 2 + ) A T P as e 2 a (S E R C A 2 a) 
mi cr o d o m a i ns h a v e r e v e al e d diff er e nti al r e g ul ati o n of β 1 - a n d β 2 -A Rs b y P D Es i n 
h e alt h y c ar di o m y o c yt es, wit h P D E 2, 3, a n d 4 c o ntr olli n g c A M P e q u all y fr o m t h e β 1 -
A Rs a n d P D E 3 c o ntr olli n g c A M P pri m aril y fr o m t h e β 2 -A Rs 4 3 . Ot h er st u di es f o u n d 
t h at P D E 3 a n d P D E 4 ar e b ot h r es p o nsi bl e f or c o ntr olli n g c A M P i n t h e S E R C A 2 a-
c o nt ai ni n g mi cr o d o m ai n a n d r e g ul at e P L B p h os p h or yl ati o n 4 0 . I n a d diti o n, P D E 3 a n d 
P D E 4 a ct t o g et h er t o c h a p er o n e c A M P fr o m its s y nt h esis at t h e m e m br a n e t o 
S E R C A 2 a. c G M P F R E T s e ns ors ar e m or e li mit e d i n si g n al str e n gt h a n d ar e s o f ar b est 
s uit e d t o N P-p a t h w a y d et e cti o n. A n e w pr o b e ( c all e d c G E S-D E 5 b y t h e a ut h ors) us es 
t h e P D E 5 A c G M P bi n di n g d o m ai n c o u pl e d t o gr e e n ( T-S a p p hir e) a n d r e d ( Di m er 2) 
fl u or es c e n c e p e pti d es a n d s h o ws a b ett er si g n al-t o-n ois e r ati o t h a n pri or v ersi o ns w hil e 
r et ai ni n g c G M P s el e cti vit y4 4, 4 5 , w h er e as o n e t h at us e d a bi n di n g d o m ai n fr o m 
Pl as mo di u m f alci p ar u m  P K G h as pr o vi d e d a d e q u at e s e nsiti vit y e v e n if t ar g et e d t o s p e cifi c 
c ell ul ar c o m p art m e nts 4 6 . An ot h er n o n -F R E T c G M P s e ns or, Fli n c G 4 7 , h as b e e n us eful 
f or r e al-ti m e c G M P d y n a mi c i m a gi n g a n d d et e cti o n of s el e cti v e P D E r e g ul ati o n i n 
n e o n at a l m y o c yt es4 8 ; h o w e v er, t h e si g n al w as n ot s uffi ci e nt f or d et e cti o n of c G M P i n 
a d ult c ells. N e w v ari a nts of Fli n c G m a y i m pr o v e u p o n t his li mit ati o n 4 9 . 
F R E T s e ns ors f or P K A is of or ms h a v e r e v e al e d diff er e n c es i n si g n ali n g c o u pl e d 
t o P K A wit h r e g ul at or y s u b u nit I or II  ( P K A-RI a n d RII). P K A -RI is a cti v at e d i n 
r es p o ns e t o pr ost a gl a n di n r e c e pt or ( E P 2 a n d E P 4) a cti v ati o n, d uri n g w hi c h si g n ali n g 
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vi a P K A -RII is s h ut d o w n t hr o u g h t h e E P 3 r e c e pt or a n d G i-c o u pl e d m e c h a nis ms. B y 
c o ntr ast, P K A -RII is a cti v at e d s el e cti v el y i n r es p o ns e t o β -A R sti m ul ati o n 5 0 . 
C osti m ul ati o n of  c G M P wit h β -A R sti m ul ati o n s hift e d a cti v ati o n t o P K A -RI, 
pr o vi di n g a n o v el m e c h a nis m f or r e g ul ati n g c A M P / c G M P cr osst al k5 1 . A n ot h er t o ol is 
a g e n eti c all y t ar g et e d ki n as e i n hi bit or, s u c h as o n e us e d t o bl o c k P K A at t h e 
e n d o pl as mi c r eti c ul u m 5 2 . T his i ntri g ui n g a p pr o a c h r e m ai ns t o b e d e v el o p e d f or ot h er 
mi cr o d o m ai ns or e xt e n d e d t o P K G.  
S e v er al s e ns ors h a v e als o b e e n e x pr ess e d st a bl y i n mi c e. c A M P -r e p orti n g mi c e 
h a v e b e e n us e d t o s h o w r e d u c e d P D E 3 c o ntr ol of β 2 -A R si g n a li n g a n d r elo c ali z ati o n 
of P D E 2 fr o m β 1 -A R t o β 2 -A R aft er mil d pr ess ur e o v erl o a d 4 3 . Mi c e wit h c G M P 
s e ns ors h a v e b e e n g e n er at e d a n d a p p e ar m ost us ef ul f or st u d yi n g t h e N P -si g n ali n g 
p at h w a y 4 1, 4 2 . Pl as m a m e m br a n e c G M P c o m p art m e nts h a v e als o b e e n d et e ct e d usi n g 
el e ctr o p h ysi ol o gi c al m et h o ds i n c o m bi n ati o n wit h e x pr essi o n of c G M P -s e nsiti v e i o n 
c h a n n els 5 3 . 
U n d erst a n di n g w h er e P D Es r esi d e i n t h e c ell i n or d er t o a ct u at e t h eir c o ntr ol of 
c y cli c n u cl e oti d es is als o criti c al. St u di es t o d at e h a v e pri m aril y f o c u s e d o n c o-
i m m u n o pr e ci pit ati o n of P D Es i n or d er t o i d e ntif y bi n di n g p art n ers b y m ass 
s p e ctr o m etr y. A n e w er m et h o d of a p pr o a c hi n g n a n o d o m ai n i d e ntifi c ati o n is pr o xi mit y 
pr ot e o mi cs, w hi c h h as n ot y et b e e n a p pli e d t o P D Es. Wit h t his m et h o d, a pr ot ei n of 
i nt er est is t a g g e d wit h eit h er a bi oti n li g as e or a p er o xi d as e  a n d o v er e x pr ess e d i n c ells. 
U p o n i n c u b ati o n wit h bi oti n a n d ot h er a p pr o pri at e r e a g e nts, t h e f usi o n pr ot ei n will 
bi oti n yl at e its n ei g h b ori n g pr ot ei ns wit hi n a s m all r a di us, f a cilit ati n g p ull d o w n of t h es e 
bi oti n yl at e d pr ot ei ns a n d i d e ntifi c ati o n b y m ass s p e ctr o m etr y. S e v er al bi oti n li g as es 
h a v e b e e n e n gi n e er e d f or t his p ur p os e ( Bi oI D 5 4 , Bi oI D 25 5 , T ur b oI D5 6 , a n d 
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mi ni T ur b o 5 6 ), as w ell as s e v er al p er o xid as es ( A P E X 5 7  a n d A P E X 2 5 8 ). N ot a bl y, t h e 
p er o xi d as es r e q uir e H 2 O 2  sti m ul ati on i n a d diti o n t o bi oti n i n or d er t o sti m ul at e 
bi oti n yl ati o n, w hi c h m a y b e a dr a w b a c k f or s o m e st u di es; h o w e v er, t h e y c a n als o b e 
us e d f or el e ctr o n mi cr os c o p y t o a c q uir e hi g h r es ol uti o n i m a g es of P D E l o c ali z ati o n 
wit h o ut t h e n e e d f or a n a nti b o d y,  w hi c h c a n n ot b e d o n e wit h t h e bi oti n li g as e t a gs 5 8, 5 9 . 
 
P D E 5:  P D E 5 A is a c G M P -s p e cifi c P D E wit h t hr e e is of or ms, P D E 5 A 1 -3, all e x pr ess e d i n 
h u m a ns 6 0 , alt h o u g h t h er e is as y et n o k n o w n diff er e n c e i n t h eir f u n cti o n or l o c ali z e d 
sig n ali n g. P D E 5 A a cti vit y is m o d ul at e d b y c G M P bi n di n g t o G A F r e g ul at or y d o m ai ns a n d 
b y P K G p h os p h or yl ati o n ( S 9 2 i n m o us e, S 1 0 2 i n h u m a n), b ot h r es ulti n g i n P D E a cti v ati o n 6 1, 
6 2  (Fi g ur e 1 .3 ). Of t h e t w o pri m ar y p at h w a ys g e n er ati n g c G M P ( N O- a n d N P -d e p e n d e nt 
c as c a d es), P D E 5 A r e g ul at es t h e f or m er s el e cti v el y i n m y o c yt es 4 8, 5 3, 6 3, 6 4 . I n hi biti n g P D E 5 A 
c o u nt ers m al a d a pti v e c ar di a c str u ct ur al a n d f u n cti o n al r e m o d eli n g i n b ot h h y p ertr o p hi c 6 5  
a n d is c h e mi c h e art dis e as e 6 6 , bl o c ki n g m ulti pl e pr o -h y p ertr o p hi c a n d fi br oti c si g n a li n g 
p at h w a ys b y P K G -d e p e n d e nt m e c h a nis ms 6 7 . D uri n g is c h e mi a-r e p erf usi o n, P D E 5 A 
i n hi bit ors r e d u c e i nf ar ct si z e a n d c ar di o m y o c yt e a p o pt osis; c ar di o pr ot e cti o n r e q uir es 
o p e ni n g of t h e mit o c h o n dri al K A T P  c h a n n el 6 8 -7 0 . P D E 5 A n or m all y l o c ali z es at t h e Z-dis c of 
c ar di o m y o c yt e s ar c o m er es, b ut t his l o c ali z ati o n s hifts t o a m or e diff us e p att er n i n f aili n g 
h e arts a n d l at e -st a g e h y p ertr o p h y a n d dil ati o n, a n d if e n d ot h eli al N O S ( e N O S  or N O S 3) is 
p h ar m a c ol o gi c all y i n hi bit e d or g e n eti c all y d el et e d 6 4, 7 1, 7 2 . N or m al P D E 5 A i ntr a c ell ul ar 
l o c ali z ati o n c a n b e r est or e d b y dir e ctl y sti m ul ati n g s G C t o g e n er at e c G M P e v e n i n t h e 
pr es e n c e  of N O S i n hi biti o n. T his i n di c at es t h at  i ntr a m y o c yt e P D E 5 A l o c ali z ati o n its elf 
d e p e n ds o n t h e a v ail a bilit y of its f a v or e d s u bstr at e - s G C-d eri v e d c G M P. T h es e l o c ali z ati o n 
c h a n g es ar e u nr el at e d t o P K G -t ar g et e d S 9 2 p h os p h or yl ati o n of P D E 5 A7 3 . 
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Fi g ur e 1 .3 : C ar di a c m y o c yt e r e g ul ati o n b y P D E 5 A a n d P D E 9.  
 
Fi g ur e 1 .3: C ar di a c m y o c yt e r e g ul ati o n b y P D E 5 A a n d P D E 9.  
B ot h of t h es e P D Es r e g ul at e c G M P v er y s el e cti v el y. As d e pi ct e d, P D E 5 A c o ntr ols N O -
sti m ul at e d c G M P, a n d P D E 9 co ntr ols N P -sti m ul at e d c G M P. B ot h p at h w a ys c o n v er g e o n 
P K G 1; h o w e v er, t h es e ar e als o li k el y diff er e nt p o ols of t h e ki n as e ( h e n c e, t w o i c o ns ar e 
s h o wn) wit h s o m e o v erl a p pi n g f u n cti o n alit y b ut als o s o m e v er y si g n ali n g p at h w a y -s p e cifi c 
eff e cts as w ell. T h e fi g ur e s h o ws t h e i m p a ct of P K G 1 i n s u p pr essi n g G q -c o u pl e d pr ot ei n 
r e c e pt ors b y R G S pr ot ei ns; bl o c ki n g T R P Cs; sti m ul ati n g mit o c h o n dri al pr ot e cti o n vi a K A T P  
c h a n n els; e n h a n ci n g pr ot e as o m e f u n cti o n; a n d m o dif yi n g m ulti pl e pr ot ei ns i n t h e s ar c o m er e, 
i n cl u di n g T n, titi n, a n d M y B P C. A b br e vi ati o ns: β -A R, β -a dr e n er gi c r e c e pt or; A n gII, 
a n gi ot e nsi n -II; c G M P, c y cli c g u a n osi n e 3¢, 5¢-m o n o p h os p h at e; C n, c al ci n e uri n; E T -1, 
e n d ot h eli n -1; G A F d o m ai n; G q α , G-pr ot ei n( α q); G P C R, G pr ot ei n --c o u pl e d r e c e pt or; 
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M y B P C, m y osi n bi n di n g pr ot ei n C; N F A T, n u cl e ar f a ct or of a cti v at e d T c ells; N O, nitri c 
o xi d e; N O S, nitri c o xi d e s y nt h as e; N P, n atri ur eti c p e pti d e; N P R, n atri ur eti c p e pti d e r e c e pt or; 
P D E, p h os p h o di est er as e; G C -A / B, g u a n yl yl c y cl as e -A / B; P K G, pr ot ei n ki n as e G; R G S, 
r e g ul at or of G pr ot ei n si g n ali n g; s G C, s ol u bl e g u a n yl yl c y cl as e; T n, tr o p o ni n I; T R P C, 
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P D E 5 A i n hi bit ors ar e us e d cli ni c all y t o tr e at er e ctil e d ysf u n cti o n a n d 
p ul m o n ar y h y p ert e nsi o n 3 . Alt h o u g h pr e cli ni c al6 5, 6 6, 7 4  a n d s o m e s m all -s c al e cli ni c al 7 5, 7 6  
st u di es f o u n d P D E 5 A i n hi biti o n als o a m eli or at es v ari o us f or ms of h e art dis e as e, ot h er 
st u di es w er e n e utr al7 7 , a n d c o ntr o v ersi es a n d c a v e ats r e g ar di n g t his str at e g y p ersist. 
O n e p ot e nti al iss u e is t h at t h e s el e cti vit y of P D E 5 A f or N O -sti m ul at e d c G M P c o ul d 
re d u c e its effi c a c y i n s y n dr o m es s u c h as h e art f ail ur e, i n w hi c h N O si g n ali n g is 
d e pr ess e d b y o xi d a nt str ess d u e t o r e d u c e d N O s y nt h esis 7 8, 7 9 , s G C a cti v ati o n2 1, 8 0 , a n d 
c G M P g e n er ati o n 8 1, 8 2 . A n ot h er e x a m pl e i n w hi c h r e d u c e d N O si g n ali n g o c c urs is i n 
w o m e n wit h l o w estr o g e n l e v els. P D E 5 A i n hi biti o n i n f e m al e mi c e a m eli or at es h e art 
dis e as e i n d u c e d b y e x c essi v e G q -pr ot ei n sti m ul ati o n o r m e c h a ni c al o v erl o a d. T his 
tr e at m e nt eff e ct is l ost f oll o wi n g o v ari e ct o m y b ut r est or e d if t h es e a ni m als r e c ei v e 
estr o g e n r e pl a c e m e nt 8 3  - r es ults t h at c o ul d h a v e i m p ort a nt i m pli c ati o ns f or t h e us e of 
P D E 5 A i n hi bit o rs i n p ost m e n o p a us al w o m e n. T o d at e, t h e o nl y m ulti c e nt er tri al of 
P D E 5 A i n hi biti o n a n d h e art f ail ur e w as i n a gr o u p of p ati e nts wit h pr es er v e d ej e cti o n 
fr a cti o n ( H F p E F), a n d t h e r es ults w er e n e utr al 7 7 . H o w e v er, t his c o h ort h as m o d est N P 
a cti v ati o n 8 4 , a n d a m aj orit y i n t h e st u d y r e p ort e dl y di d n ot h a v e v e ntri c ul ar 
h y p ertr o p h y. L eft v e ntri c ul ar ( L V) m y o c ar di u m fr o m H F p E F h as l o w l e v els of c G M P 
a n d P K G a cti vit y 8 5 , o p p osit e t o h e art f ail ur e wit h r e d u c e d E F, a n d b e c a us e P D E 5 A 
d o es n ot a p p e ar t o b e u pr e g ul at e d as t h e c a us e, t his w o ul d li mit eff e cts fr o m P D E 5 A 
i n hi biti o n. As dis c uss e d b el o w, n e w d at a r e g ar di n g a n ot h er c G M P-t ar geti n g P D E, 
P D E 9 A 4 8 , m a y s h e d f urt h er li g ht i nt o t h es e iss u es a n d i m pr o v e t h er a p e uti c t ar g eti n g.  
 
P D E 9: P D E 9 A is a c G M P -s p e cifi c P D E wit h t h e hi g h est affi nit y f or c G M P of a n y of t h e 
P D E s u p er f a mil y m e m b ers8 6 . U ntil r e c e ntl y, n ot hi n g w as k n o w n a b o ut t h e r ol e of P D E 9 A 
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i n t h e h e art, alt h o u g h it is e x pr ess e d at t h e m R N A l e v el i n m y o c ar di u m8 6, 8 7 . H o w e v er, a 
r e c e nt st u d y d et er mi n e d t h at P D E 9 A is e x pr ess e d at pr ot ei n l e v els i n h u m a n a n d ot h er 
m a m m ali a n h e arts, t h at it is f u n cti o n al, a n d t h at it s p e cifi c all y r e g ul at es c G M P r es ulti n g fr o m 
N P sti m ul ati o n of G C -A / B 4 8 . P D E 9 A pr ot ei n e x pr essi o n is o bs er v e d i n a diff er e nt 
s u b c ell ul ar l o c ati o n i n m y o c yt es, c o -st ai ni n g wit h t h e S R b as e d o n S E R C A 2 a 
i m m u n o hist o c h e mistr y (Fi g ur e 1 .4 A ). T his diff ers fr o m t h e Z-dis k l o c ali z ati o n of P D E 5 A. 
E x pr essi o n is v er y l o w i n n or m al m o us e a n d h u m a n m y o c ar di u m b ut is u pr e g ul at e d b y h e art 
f ail ur e (Fi g ur e 1 .4 B ) wit h or wit h o ut r e d u c e d s yst oli c f u n cti o n, s u g g esti n g t h at t ar g eti n g 
t h es e dis e as es wit h P D E 9 A i n hi bit ors m a y be us ef ul. P D E 9 A pr ot ei n e x pr essi o n a n d a cti vit y 
ar e el e v at e d i n h u m a n h e art f ail ur e, n ot a bl y i n b ot h f or ms wit h r e d u c e d or pr es er v e d ej e cti o n 
fr a cti o n, t h e l att er b ei n g a dis e as e w hi c h h as b e e n p arti c ul arl y r efr a ct or y  t o s u c c essf ul t h er a p y 
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Fi g ur e 1 .4: N O -i n d e p e n d e nt P D E 9 A m o d ul ati o n of c ar di a c str e s s r e s p o n s e s. 
 
Fi g ur e 1 .4 : N O -i n d e p e n d e nt P D E 9 A m o d ul ati o n of c ar di a c str e s s r e s p o n s e s. 
U nli k e P D E 5 A, w hi c h h y dr ol y z es pri m aril y c G M P g e n er at e d b y N O -sti m ul at e d s G C, r e c e nt 
w or k h as s h o w n P D E 9 A t ar g ets N P -G C -A / B --d eri v e d p o ols of t his  c y cli c n u cl e oti d e. ( a ) 
B ot h P D Es ar e l o c ali z e d t o diff er e nt c o m p art m e nts i n t h e c ar di a c m y o c yt e, wit h P D E 5 A 
e x pr essi o n c ol o c ali zi n g t o t h e Z -dis k ( c ost ai ni n g wit h α -a cti ni n), w h er e as P D E 9 A c ol o c ali z es 
wit h T -t u b ul ar m e m br a n es ( wit h S E R C A 2 a). (b ) E x pr essi on i n t h e n or m al h e art is v er y l o w 
b ut is i n cr e as e d i n c o n diti o ns s u c h as h u m a n h e art f ail ur e. (c) Mi c e gl o b all y l a c ki n g P D E 9 A 
dis pl a y pr ot e cti o n t o s ust ai n e d pr ess ur e o v erl o a d -i n d u c e d c ar di a c str ess, wit h e n h a n c e d 
c ar di a c F S a n d r e d u c e d h y p ertr o p h y ( L V m as s). Ast eris ks i n di c at e P < 0. 0 1 as c o m p ar e d t o 
W T T A C. ( d ) U nli k e P D E 5 A i n hi biti o n, w hi c h d o es n ot i m pr o v e c ar di a c f u n cti o n d e pr ess e d 
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b y pr ess ur e o v erl o a d if N O S is als o i n hi bit e d ( L -N A M E), P D E 9 A i n hi biti o n is e q u all y 
eff e cti v e wit h or wit h o ut c o n c o mit a nt N O S i n hi biti o n. Fi g ur e a d a pt e d wit h p er mi ssi o n fr o m 
R ef er e n c e  4 8 . A b br e vi ati o ns: c G M P, c y cli c g u a n osi n e 3 ¢, 5¢-m o n o p h os p h at e; D C M, dil at e d 
c ar di o m y o p at h y; F S, fr a cti o n al s h ort e ni n g; G A P D H, gl y c er al d e h y d e 3 -p h os p h at e 
d e h y dr o g e n as e; G C -A / B, g u a n yl yl c y cl as e -A / B; L -N A M E, L -N G -Nitr o ar gi ni n e m et h yl est er; 
L V, l eft v e ntri c ul ar; N F, n o n -f aili n g,; N O, nitri c o xi d e; N O S, nitri c o xi d e s y nt h as e; N P, 
n atri ur eti c p e pti d e; P D E, p h os p h o di est er as e; P F -9 6 1 3 ( P D E 9 i n hi bit or); SI L, sil d e n afil, 
















 1 8  
 P D E 9 A i n hi biti o n or g e n e d el eti o n d uri n g m uri n e c ar di a c h y p ertr o p h y 
i n d u c e d b y tr a ns a orti c b a n di n g i m pr o v e d c ar di a c f u n cti o n a n d d e cr e as e d fi br osis, 
c ar di o m y o c yt e si z e, a n d m al a d a pti v e si g n ali n g (Fi g ur e 1 .4 C ). T h e f u n cti o n alit y of 
P D E 9 A i n hi biti o n diff ers i m p ort a ntl y fr o m t h at d u e t o P D E 5 A s u p pr essi o n. 
P h os p h o pr ot e o mi c a n al ysis r e v e al e d t h at P K G a cti v ati o n b y i n hi biti o n of P D E 5 A or 
P D E 9 A l e d t o s e v er al o v erl a ps b ut als o m a n y stri ki n g diff er e n c es i n pr ot ei n 
p h os p h or yl ati o n a n d tr a ns cri pti o n al r e g ul ati o n 4 8 . F or e x a m pl e, w h er e as i n hi biti n g 
eit h er s u p pr ess e d tr a ns cri pti o n al a cti vit y li n k e d t o N F A T t o tri g g er a nti h y p ertr o p hi c 
eff e cts 2 7 , o nl y P D E 9 A s u p pr essi o n a u g m e nt e d G A T A bi n di n g pr ot ei n 4, w hi c h is 
li n k e d t o a n gi o g e n esis8 9 . Mi c e s u bj e ct e d t o pr ess ur e o v erl o a d a n d tr e at e d wit h a 
s el e cti v e P D E 9 A i n hi bit or, b ut n ot a P D E 5 A i n hi bit or, w e r e pr ot e ct e d e v e n w h e n 
N O S w as bl o c k e d b y L -N G -Nit r o ar gi ni n e m et h yl est er ( L-N A M E) a d mi nist er e d i n 
dri n ki n g w at er (Fi g ur e 1 .4 D ). T his c o nfir m e d at t h e w h ol e h e art l e v el w h at is ol at e d 
c ell st u di es h a d r e v e al e d a b o ut t h e diff er e nti al t ar g eti n g of N P - v ers us N O -sti m ul at e d 
c G M P p o ols b y t h e t w o P D Es.  
Pr e vi o u s cli ni c al st u di es of P D E 9 A i n hi bit ors p urs u e d t h eir utilit y t o i m pr o v e 
n e ur o c o g niti v e f u n cti o n a n d w er e t est e d i n s c hi z o p hr e ni a, H u nti n gt o n’s dis e as e, a n d 
Al z h ei m er’s dis e as e 9 0 -9 2 . T h e i n hi bit ors w er e w ell t ol er at ed, a n d w hil e m a n y pr e cli ni c al 
st u di es h a d r e p ort e d p ositi v e c o g niti v e eff e cts i n m o us e m o d els of t h es e dis or d ers 9 3, 9 4 , 
b e n efits w er e n ot o bs er v e d  i n t h e li mit e d h u m a n d at a r e p ort e d t o d at e9 5 . T h e n e w 
fi n di n gs i n t h e c ar di o v as c ul ar s yst e m r e v e al a n e ntir el y diff er e nt p ot e nti al us e. Gi v e n 
t h e i nt er a cti o n of P D E 9 A a n d t h e N P si g n ali n g s yst e m, a n d t h e utilit y of 
v als art a n /s a c u bitril, a c o m bi n e d a n gi ot e nsi n -2 r e c e pt or bl o c k er a n d n e pril ysi n 
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i n hi bit or (t h e l att er bl o c ki n g N P pr ot e ol ysis)9 6 , P D E 9 A i n hi bit ors m a y b e s y n er gisti c 
wit h t h es e n e w dr u gs.  
 
Cli ni c al Tr a n sl ati o n, F ut ur e I s s u e s, a n d C o n cl u si o n s:  O n e of t h e d efi ni n g f e at ur es of 
P D E p h ar m a c ol o g y is t h at d es pit e str u ct ur al si mil ariti es of t h e c at al yti c sit e a m o n g t h e 
diff er e nt s p e ci es of P D Es, t h e y ar e s uffi ci e ntl y u ni q u e t o e n a bl e g e n er ati o n of hi g hl y s p e cifi c 
i n hi bit ors. Cr yst al str u ct ur es h a v e b ee n o bt ai n e d f or m a n y P D Es, w hi c h is f a cilit ati n g dr u g 
d esi g n a n d dis c o v er y. M ost of t h es e n e w i n hi bit ors ar e eff e cti v e at n a n o m ol ar 
c o n c e ntr ati o ns. F urt h er, wit h t h e e x c e pti o n of P D E 2, i n hi bit ors ar e a v ail a bl e f or all k n o w n 
P D Es aff e cti n g h e art f u n cti o n, a n d t h e y h a v e b e e n f o u n d t o b e s af e f or a n d ar e b ei n g t est e d 
i n h u m a ns. Ot h er t h a n P D E 3 a n d P D E 5 A, t h es e st u di es h a v e n ot f o c us e d o n c ar di a c 
i n di c ati o ns, b ut t his is a c h a n gi n g l a n ds c a p e. T h e m aj or li mit ati o n wit h t h es e a g e nts h as b e e n 
t h e l a c k of gr e at er isof or m -s el e cti v e i n hi biti o n, w hi c h s o m e b eli e v e m a y b e p ossi bl e, 
alt h o u g h t o d at e t his h as b e e n el usi v e. T h e el e g a n c e of i ntr a c ell ul ar c o m p art m e nt ali z e d 
si g n ali n g is t h us p ot e nti all y l ost w h e n m ulti pl e f or ms ar e m o d ul a t e d at t h e s a m e ti m e. T h e 
cli ni c al uti lit y of P D E 3 i n hi bit ors li k el y s uff er e d b e c a us e of t his, a n d i m pr o v e d s el e cti vit y 
m a y b e a bl e t o alt er t h e o ut c o m e fr o m t h es e a g e nts f or c ar di a c dis or d ers. A n ot h er f a ct or is 
t h at or g a n s el e cti vit y h as b e e n diffi c ult, alt h o u g h t his is h el p e d t o s o m e e xt e nt b y diff er e nti al 
e x pr essi o n of v ari o us P D Es i n t h e tiss u es. T his h as i m p ort a nt cli ni c al i m pli c ati o ns, as 
m o dif yi n g t h e N O -si g n ali n g p at h w a y b y s G C a cti v ati o n, f or e x a m pl e, will i m p a ct a br o a d er 
v ari et y of c ell t y p es t h a n w o ul d o c c ur b y i n hi biti n g P D E 5 A ---w h o s e tiss u e e x pr essi o n is 
m or e s el e cti v e. P D Es wit h br o a d er e x pr essi o n m a y b e l ess dr u g g a bl e u nl ess is of or m 
s el e cti vit y a n d t h us t h e a bilit y t o b ett er t ar g et eff e cts ar e p ossi bl e.  
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A n ot h er e v ol vi n g p ar a di g m is t h e us e of  m ulti pl e P D E i n hi bit ors i n 
c o m bi n ati o n  wit h c y cli c n u cl e oti d e sti m ul ati o n p at h w a ys ---e a c h at d os es t h at al o n e 
h a v e v er y m o d est i m p a ct b ut w h e n c o m bi n e d yi el d gr e at er c ell -t ar g et e d si g n ali n g a n d 
alt er ati o n i n f u n cti o n. T his is a t a cti c us e d i n a nti c a n c er t h er a p y, i n w hi c h 
m ulti pr o n g e d att a c ks c a n pr o d u c e s y n er gisti c eff e cts. If o n e c o ul d pr o vi d e s o m e 
c y cl as e sti m ul ati o n al o n g wit h t h e s el e cti vit y of P D Es, t h e d esir e d r es ult c o ul d b e 
e n h a n c e d si g n ali n g i n t h e c ell a n d n a n o d o m ai n. T his a p pr o a c h h as y et t o b e d e v el o p e d 
as a cli ni c al str at e g y, b ut w it h a p pr o pri at e i nsi g ht i nt o w hi c h c o m bi n ati o ns ar e s af e, 
t h er e is m u c h t o b e s ai d f or it. T o d at e, s m all m ol e c ul es t h at a cti v at e P D Es s el e cti v el y 
(t h er e b y d e gr a di n g c A M P, c G M P, or b ot h) h a v e n ot b e e n d e v el o p e d b ut mig ht b e 
m o d ul at ors of t h e r e g ul at or y N ter mi n us a n d m a y h a v e cli ni c al utilit y i n c ert ai n 
s etti n gs. 
It h as b e e n 1 8 y e ars si n c e t h e l ast P D E s u p erf a mil y m e m b er ( P D E 1 1 A) w as 
i d e ntifi e d9 7 . All P D Es h a v e b e e n e x pl or e d, a nd m a n y h a v e b e e n t ar g et e d wit h 
i n hi bit ors f or t h eir p ot e nti al t h er a p e uti c v al u e. E v e n s o, r at h er t h a n a fi el d wit h m ost 
of its q u esti o ns a n d pr o bl e ms s ol v e d, t his ar e a r e m ai ns y o u n g a n d fr es h, wit h a cti v e 
r es e ar c h a n d o n g oi n g tr a nsl ati o n al a p pli c ati o ns. T he a p pr e ci ati o n of P D E 
n a n or e g ul ati o n,  t h e n u a n c es t his pr o vi d es f or m ol e c ul ar c o ntr ol, a n d h o w it mi g ht b e 
l e v er a g e d t o e n h a n c e t h e s p e cifi cit y a n d e xt e nt of dr u g r es p o ns es ar e all a cti v e ar e as of 
i n q uir y. W e e x p e ct t his i nt er est will s ur g e f urt h er as n e w er a n d m or e eff e cti v e 
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C H A P T E R 2 : M ar k e d d i s p arit y of m i cr o R N A m o d ul ati o n b y c G M P -s el e cti v e P D E 5 
v er s u s P D E 9 in hi bit or s i n h e art d i s e a s e 
 
 
M o difi e d fr o m: K o k k o n e n -Si m o n K M et al. M ar k e d Dis p arit y of Mi cr o R N A M o d ul ati o n 
b y c G M P -s el e cti v e P D E 5 v ers us P D E 9 I n hi bit ors i n H e art Dis e as e. J CI I nsi g ht. 2 0 1 8. 3( 1 5): 




I N T R O D U C T I O N  
Mi cr o R N A s:  Mi cr o R N As ( mi R N As) ar e s m all ri b o n u cl ei c a ci ds t h at pr o vi d e p ost -
tr a ns cri pti o n al c o ntr ol of m ess e n g er R N A tr a nsl ati o n a n d d e gr a d ati o n 9 8 . First dis c o v er e d i n 
1 9 9 3, t h er e ar e n o w o v er 2 4, 0 0 0 i d e ntifi e d mi R N As.  T h eir pri m ar y r ol e is r e pr essi n g g e n e 
e x pr essi o n b y f a cilit ati n g m R N A d e gr a d ati o n, i n hi biti n g pr ot ei n tr a nsl ati o n, or d e gr a di n g 
p ol y p e pti d es  t hr o u g h c o m pl e m e nt ar y bi n di n g t o t h e 3’ U T R of t ar g et m R N As. E a c h mi R N A 
i m p a cts ar o u n d 1 0 0 0 i n di vi d u al m R N As, g e n er all y cl ust eri n g ar o u n d a t h e m ati c all y c o h er e nt 
s et of si g n ali n g p at h w a ys. I m p ort a ntl y, t h eir e x pr essi o n c h a n g es wit h dis e as e a n d t h er a p e uti c 
i nt er v e nti o ns, w hi c h h as s p a w n e d i nt er est i n t h eir us e as b ot h di a g n osti c a n d t h er a p e uti c 
a g e nts 9 9, 1 0 0 . 
Fr o m a s yst e ms bi ol o g y p ers p e cti v e, t h e p ositi o n of mi R N As is g e n er all y pl a c e d 
a b o v e g e n e tr a nsl ati o n.  H o w e v er, gr o wi n g e vi d e n c e d e m o nstr ati n g t h eir m o difi c ati o n b y 
i ntr a c ell ul ar a n d e n vir o n m e nt al si g n ali n g h a v e l e d t o t h eir e x pl or ati o n as m ar k ers of dis e as e 
t h er a p y, of p arti c ul ar i nt er est t o t h e eff orts t o b ett er p ers o n ali z e m e di c al tr e at m e nt 1 0 1, 1 0 2 .   
 
 2 2  
H o w e v er, s u c h d at a r e m ai ns f airl y li mit e d, a n d t h e s e nsiti vit y of mi R N A si g n at ur es t o 
tr e at m e nts t h at s h ar e c o m m o n si g n ali n g littl e e x pl or e d.  
 
mi R N A s a s Bi o m ar k er s a n d T h er a p e uti c s f or C ar di o v a s c ul ar Di s e a s e:   T h e first 
r e p orts of t h e r ol e of miR N As i n h e ar t dis e as e c a m e i n 2 0 0 6 w h e n t h e Ols o n l a b r e p ort e d 
e n h a n c e m e nt of mi R -2 0 8 i n p at h ol o gi c al h y p ertr o p h y a n d t h er a p e uti c b e n efits fr o m its 
r e v ers al 1 0 3 -1 0 5 . Ot h er si mil ar e x a m pl es foll o w e d, i n cl u di n g s u p pr essi n g mi R -1 2 2 / 1 3 2 or 
i n cr e asi n g mi R-1 or mi R -1 3 3 1 0 6 -1 1 0 , wit h n o w w ell o v er 2 0 0 0 st u di es o n v ari o us mi R N As a n d 
h e art dis e as e.  
I n t h e h u m a n h e art, m ulti pl e mi R N As h a v e b e e n s h o w n t o b e d ysr e g ul at e d i n 
dis e as e. M a n y cir c ul ati n g mi R N As h a v e b e e n pr o p os e d as h e art f ail ur e bi o m ar k ers 1 1 1 . 
H o w e v er, a c o nsist e nt h e art f ail ur e mi R N A pr ofil e  h as y et t o b e i d e ntifi e d, d es pit e s o m e 
o v erl a p b et w e e n i n d e p e n d e nt st u di es. mi R N As h a v e als o b e e n s h o w n t o h a v e s o m e 
pr o g n osti c v al u e. I n c ar di a c r es y n c hr o ni z ati o n t h er a p y ( C R T) , p ati e nts w h o r es p o n d t o 
t h er a p y h a v e d e m o nstr at e d s p e cifi c mi R N A e x pr essi o n c h a n g es, i n cl u di n g mi R -2 6 b -5 p, 1 4 5 -
5 p, 9 2 a -3 p, 3 0 e -5 p, a n d 2 9 a -3 p  1 1 2 . A d diti o n all y, s p e cifi c mi R N As h a v e b e e n s h o w n t o 
c h a n g e i n D C M p ati e nts t h at r es p o n d t o b et a -bl o c k er tr e at m e nt v ers us n o n -r es p o n d ers, 
i n cl u di n g mi R-2 0 8 a -3 p, 2 0 8 b -3 p, 2 1 -5 p, 1 9 9 a -5 p, a n d 1 a -3 p 1 1 3 . S e v er al mi R N A -b as e d 
t h er a p e uti cs h a v e b e e n pr o p os e d; ho w e v er, n o n e of t h es e t h er a pi es h a v e pr o gr ess e d b e y o n d 
a ni m al m o d els, li k el y d u e t o t h e m ul ti pli cit y of mi R N A t ar g ets, c o n c er ns f or off-t ar g ets of 
t h e t h er a p y i n ot h er tiss u es, a n d diffi c ult y of d eli v er y t o t h e h e art. 
H er e, w e t est e d t h e h y p ot h esis t h at mi R N A pr ofili n g m a y pr o vi d e a us ef ul t o ol t o 
disti n g uis h b et w e e n m e c h a nisti c all y v er y si mil ar  t h er a p e uti c i nt er v e nti o ns. T o d o t his, w e 
c o ntr ast e d t h e eff e cts of p h ar m a c ol o gi c all y i n hi biti n g eit h er c G M P -s el e cti v e 
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p h os p h o di est er as e t y p e 5 or t y p e 9 ( P D E 5 -I, P D E 9-I). B ot h a cti v at e pr ot ei n ki n as e G, 
t h o u g h t h e y d o s o b y m o d ul ati n g diff er e nt c G M P p o ol s, t h e f or m er c o u pl e d t o nitri c o xi d e 
( N O) sti m ul ati o n of g u a n yl yl c y cl as e-1 ( G C -1) a n d t h e l att er t o n atri ur eti c p e pti d e ( N P) 
sti m ul ati o n of g u a n yl yl c y cl as e-2 A 1 1 4 . I m p ort a ntl y, b ot h dr u gs p ot e ntl y a n d v er y si milarl y 
i m pr o v e h e art dis e as e sti m ul at e d b y s ust ai n e d p at h ol o gi c al h e m o d y n a mi c str ess 1 1 4 . D es pit e 
t his, t h e mi R N A pr ofil es w er e dr a m ati c all y a n d s ur prisi n gl y diff er e nt, wit h P D E 5-I r e d uci n g 
a v er y br o a d arr a y of mi R N As ass o ci at e d wit h t h e dis e as e st at e, w h er e as P D E 9 -I h a d 
virt u all y n o i m p a ct.   
 
 
M E T H O D S  
C ar di a c pr e s s ur e -o v erl o a d ( P O) m o d el:   Pr ess u r e o v erl o a d w as i n d u c e d b y tr a ns-a orti c 
c o nstri cti o n, p erf or m e d as pr e vi o usl y d es cri b e d 1 1 4 . Si z e -, a g e- a n d s e x -m at c h e d ( m al e) 
C 5 7 B L / 6J mi c e (J a c ks o n L a bs) w er e us e d f or all dr u g i nt er v e nti o n st u di es. S h a m c o ntr ols 
u n d er w e nt si mil ar s ur g er y wit h o ut li g at ur e pl a c e m e nt. Mi c e w er e f oll o w e d f or u p t o 6 w e e ks  
aft er P O, a n d w er e c o -tr e at e d wit h P D E 5 -I ( Sil d e n afil, Sil, Pfi z er, 2 0 0 m g / k g / d a y i n Bi os er v 
s oft di et), P D E 9-I ( P F-0 4 4 4 9 6 1 3, Pfi z er, 3 0 m g / k g t wi c e d ail y b y or al g a v a g e), B A Y 6 0 -2 7 7 0 
( B a y er, 0. 3 m g / k g / d a y o n c e d ail y b y or al g a v a g e), or a p pr o pri at e m at c h ed v e hi cl e. 
Tr e at m e nt st art e d 1  w e e k aft er P O. F or t h e dr u g i nt er v e nti o n st u di es, a ni m als d yi n g pri or t o 
dr u g assi g n m e nt or w h o f ail e d t o d e v el o p dis e as e aft er P O  w er e e x cl u d e d fr o m a n al ysis. T h e 
G C -2 A o v er e x pr ess or mi c e w er e g e n er at e d as pr e vi o usl y d es cri b e d 1 1 5 , a n d s u bj e ct e d t o P O  
or s h a m s ur g er y. A ni m als w er e f oll o w e d f or 3 w e e ks aft er P O . 
 
 
 2 4  
C o n s ci o u s m o u s e e c h o c ar di o gr a p h y:   I nt a ct h e art m or p h ol o g y a n d f u n cti o n w as 
d et er mi n e d i n c o ns ci o us mi c e b y s eri al M -m o d e tr a nst h or a ci c e c h o c ar di o gr a p h y 
(Vis u al S o ni cs V e v o 2 1 0 0, 1 8 -3 8 M H z li n e ar arr a y tr a ns d u c er; S a n o Sit e I n c or p or at e d). 
I m a g es w er e o bt ai n e d a n d a n al y z e d b y a n i n di vi d u al bli n d e d t o t h e a ni m al c o n diti o n.  
 
mi R N A s e q u e n ci n g:   T ot al R N A w as is ol at e d fr o m l eft v e ntri c ul ar m y o c ar di u m usi n g 
Qi a z ol  R e a g e nt a n d t h e mi R N e as y kit ( Qi a g e n) a c c or di n g t o m a n uf a ct ur er pr ot o c ol. R N A 
w as a n al y z e d o n a n A gil e nt Bi o a n al y z er f or RI N v al u es a n d c o n c e ntr ati o ns. O nl y s a m pl es 
wit h RI N > 7 w er e us e d f or s e q u e n ci n g. Li br ari es w er e pr e p ar e d usi n g t h e Ill u mi n a Tr u S e q 
S m a ll R N A S a m pl e Pr e p Kit. S e q u e n ci n g w as p erf or m e d o n a n Ill u mi n a Hi S e q 2 5 0 0. 
Ill u mi n a’s C A S A V A 1. 8. 4 w as us e d t o c o n v ert B C L fil es t o F A S T Q fil es. S e q u e n ci n g r e a d 
filt eri n g a n d a da pt er tri m mi n g, r e a d ali g n m e nt, a n d g e n er ati o n of  c o u nt d at a a n d R P M d at a 
w er e  d o n e usi n g t h e mi R g e pr o gr a m v 1. 0 1 1 6 , w hi c h i n c or p or at es C ut a d a pt v 1. 1 8 a n d B o wti e 
v 1. 1. 1. Diff er e nti al e x pr essi o n a n al ysis w as p erf or m e d usi n g Bi o c o n d u ct or’s D E S e q p a c k a g e 
( v 1. 2 6. 0) 1 1 7 . mi R N As w er e filt er e d a c c or di n g t o t h e f oll o wi n g: m or e t h a n 5 0 % of mi c e h a d 
r e a ds f or a gi v e n mi R N A, a n d t h e mi R N A w as pr es e nt i n t h e M us m usc ul us mi R g e n e D B 
d at a b as e 1 1 8 . H e at m a ps w er e g e n er at e d usi n g t h e M or p h e us pr o gr a m ( Br o a d I nstit ut e). 
Cl ust eri n g w as p erf or m e d b y t h e o n e mi n us S p e ar m a n r a n k c orr el ati o n. T h e d at a dis c uss e d 
i n t his p u bli c ati o n h a v e b e e n d e p osit e d i n N C BI’s G e n e E x pr essi o n O mni b us 1 1 9 , a n d ar e 
a c c e ssi bl e t hr o u g h G E O S eri es a c c essi o n n u m b er G S E 1 1 2 0 5 6 
(htt ps: / / w w w. n c bi. nl m. ni h. g o v / g e o / q u er y / a c c. c gi? a c c = G S E 1 1 2 0 5 6 ). 
 
R N A s e q u e n ci n g:  R N A s a m pl es w er e pr e p ar e d a n d a n al y z e d as d es cri b e d f or mi R N A -s e q. 
Li br ari es w er e g e n er at e d usi n g t h e Tr u S e q Str a n d e d T ot al R N A s a m pl e pr e p ar ati o n kit 
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(Ill u mi n a), a n d s e q u e n c e d o n a n Ill u mi n a Hi S e q 2 5 0 0. Ill u mi n a’s C A S A V A w as us e d t o 
c o n v ert B C L fil es t o  F A S T Q fil es. R N A -s e q r e a ds w er e tri m m e d a n d m a p p e d t o t h e 
E ns e m bl m o us e r ef er e n c e g e n o m e ( m m 1 0) usi n g HI S A T 2 v ersi o n 2. 0. 5 1 2 0 . Tr a ns cri pt 
c o u nts w er e q u a ntifi e d usi n g R S E M v 1. 3. 0 wit h d ef a ult p ar a m et ers 1 2 1 . Diff er e nti al 
e x pr essi o n ( D E) a n al ysis of g e n es b et w e e n diff er e nt tr e at m e nts w as p erf or m e d usi n g R 
p a c k a g e D E S e q 2 v 1. 1 8. 1 1 2 2 . P at h w a y e nri c h m e nt a n al ysis w as d o n e usi n g t h e K y ot o 
E n c y cl o p e di a o f G e n es a n d G e n o m es ( K E G G) d at a b as e a n d R p a c k a g e K E G G. d b v 3. 2. 3) 
1 2 3 . T h e d at a dis c uss e d i n t his p u bli c ati o n h a v e b e e n d e p osit e d i n N C BI’s G e n e E x pr essi o n 
O m ni b us 1 1 9 , a n d ar e a c c essibl e t hr o u g h G E O S eri es a c c essi o n n u m b er G S E 1 1 2 0 5 6 
(htt ps: / / w w w. n c bi. nl m. ni h. g o v / g e o / q u er y / a c c. c gi? a c c = G S E 1 1 2 0 5 6 ). 
 
G e n e e x pr e s si o n –  q R T -P C R:   T ot al R N A w as is ol at e d fr o m l eft v e ntri c ul ar m y o c ar di u m, 
l u n g, or c ult ur e d c ells usi n g Qi a z ol R e a g e nt a n d t h e mi RN e as y kit ( Qi a g e n) a c c or di n g t o 
m a n uf a ct ur er pr ot o c ol. R e v ers e tr a ns cri pti o n t o c D N A w as p erf or m e d usi n g t h e mi S cri pt II 
R T kit ( Qi a g e n). c D N A u n d er w e nt P C R a m plifi c ati o n f or m R N A e x pr essi o n usi n g T a q M a n 
pr o b es f or atri al n atri ur eti c p e pti d e ( A N P) ( m o us e # M m 0 1 2 5 5 7 4 7 _ g 1), br ai n or B -t y p e 
n atri ur eti c p e pti d e  ( B N P) ( m o us e # M m 0 1 2 5 5 7 7 0 _ g 1), Ar g o n a ut e 2 ( A g o 2) ( m o us e 
# M m 0 0 8 3 8 3 4 1 _ m 1), D G C R 8 ( m o us e # M m 0 1 1 4 6 8 5 1 _ m 1), Di c er 1 ( m o us e 
# M m 0 0 5 2 1 7 2 2 _ m 1), Dr os h a ( m o us e # M m 0 1 3 1 0 0 0 9 _ m 1), or gl y c er al d e h y d e -3 -p h os p h at e 
d e h y dr o g e n as e ( G A P D H) ( m o us e # 9 9 9 9 9 9 1 5 _ g 1) ( A p pli e d Bi os yst e ms). F or m at ur e 
mi R N A e x pr essi o n, Qi a g e n mi S cri pt pr o b es w er e us e d f or mi R -1 a ( m o us e M S 0 0 0 1 1 0 0 4), 
mi R -1 0 1 a ( m o us e M S 0 0 0 1 1 0 1 1), mi R -1 3 3 a ( m o us e M S 0 0 0 3 2 3 0 5), mi R -1 4 5 ( m o us e 
M S 0 0 0 0 1 6 3 1), mi R -1 9 5 ( m o us e M S 0 0 0 0 1 7 9 2), mi R -1 9 9 ( m o us e M S 0 0 0 3 2 5 2 9), mi R -2 0 8 b 
( m o us e M S 0 0 0 1 1 4 6 6), mi R -2 1 ( m o us e M S 0 0 0 1 1 4 8 7), mir -2 1 4 ( m o us e M S 0 0 0 3 2 5 7 1), mi R -
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2 6 b ( m o us e M S 0 0 0 0 1 3 4 4), mir -2 7 b ( m o us e M S 0 0 0 0 1 3 5 8), mi R -2 9 ( m o us e M S 0 0 0 0 1 3 7 2), 
mi R -2 9 c ( m o us e M S 0 0 0 0 1 3 7 9), mi R -3 0 b ( m o us e M S 0 0 0 0 1 3 8 6) , mi R-3 0 d ( m o us e 
M S 0 0 0 1 1 7 4 6), mi R -3 4 c ( m o us e M S 0 0 0 0 1 4 2 2), mi R -4 5 1 a ( m o us e M S 0 0 0 0 2 4 0 8), a n d R N U 6 -
2 ( h u m a n, M S 0 0 0 3 3 7 4 0). F or pr e -mi R N A e x pr essi o n, Qi a g e n pr o b es w er e us e d f or pr e -
mi R -1 a ( m o us e M P 0 0 0 0 3 9 9 0), pr e -mi R -1 9 9 ( m o us e M P 0 0 0 0 4 9 7 0), pr e -mi R -2 0 8 b ( m o us e 
M P 0 0 0 0 5 0 8 2), pr e -mi R -2 1 a ( m o us e M P 0 0 0 0 5 1 0 3), a n d pr e -mi R -3 4 c ( m o us e M P 0 0 0 0 5 6 2 8). 
F or pri -mi R N A e x pr essi o n, T a q m a n pr o b es w er e us e d f or pri -mi R -1 a ( m o us e 
# M m 0 3 3 0 6 1 6 3 _ pri), pri -mi R -1 9 9 ( m o us e # 0 3 3 0 6 5 0 5 _ pri), pri -mi R -2 0 8 b ( m o us e 
# M m 0 3 3 0 8 6 6 7 _ pri), pri -mi R -2 1 a ( m o us e # M m 0 3 3 0 6 8 2 2 _ pri), an d pri -mi R -3 4 c ( m o us e 
# M m 0 3 3 0 6 6 6 0 _ pri). T h e t hr es h ol d c y cl e v al u e w as d et er mi n e d usi n g t h e cr ossi n g p oi nt 
m et h o d. S a m pl es w er e n or m ali z e d t o t h e G A P D H v al u e f or e a c h T a q m a n r u n, a n d R N U 6 -2 
f or e a c h mi S cri pt r u n. 
 
St ati sti c al A n al y si s:   All v al u es ar e pr es e nt e d as m e a n ± S E M. F or a n al ysis of m ulti pl e 
i n d e p e n d e nt gr o u ps, a 1-w a y A N O V A or Kr us k al W allis t est w as us e d wit h a p ost h o c 
T u k e y ( or D u n ns) m ulti pl e c o m p aris o ns t est t o ass ess gr o u p diff er e n c es. P ost h o c t esti n g 
w as o nl y p erf o r m e d if t h e 1 W-A N O V A w as s i g nifi c a nt ( p < 0. 0 0 1 i n all c as es). F or a n al ysis of 
o nl y t w o i n d e p e n d e nt gr o u ps, a n u n p air e d t w o -t ail e d T-t est w as p erf or m e d. A n al ysis w as 
p erf or m e d usi n g Gr a p h p a d Pris m s oft w ar e ( V er. 7 a, 2 0 1 6).  
 
St u d y a p pr o v al:   All a ni m al st u di es p erf or m e d i n t his p a p er  w er e a p pr o v e d b y eit h er t h e 
J o h ns H o p ki ns M e di c al I nstit uti o ns A ni m al C ar e a n d Us e C o m mitt e e ( B alti m or e, M D, U S A) 
or t h e  U ni v ersit y of W ür z b ur g a ni m al c ar e c o m mitt e e ( W ür z b ur g, G er m a n y).  
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R E S U L T S  
P D E 5 -I a n d P D E 9 -I a p pli e d t o P O h e art yi el d v er y di s p ar at e mi R N A pr ofil e s  
Mi c e w er e s u bj e ct e d t o s ust ai n e d pr ess ur e -o v erl o a d ( P O) f or 5 w e e ks a n d f urt h er 
r a n d o mi z e d t o r e c ei v e eit h er t h e P D E 5 i n hi bit or (sil d e n afil) or P D E 9 i n hi bit or ( P F -
0 4 4 4 9 6 1 3), e a c h i niti at e d o n e w e e k aft er P O. R e p ort e d h e m o d y n a mi c a n d m or p h ol o gi c al 
d at a fr o m  t h es e mi c e d o c u m e nts si mil ar r e d u cti o n of h y p ertr o p h y a n d c ar di a c dil ati o n, as 
w ell as r e v ers al of a b n or m al m ol e c ul ar si g n ali n g a n d fi br osis, a n d i m pr o v e d h e art f u n cti o n 6 5, 
1 1 4 . S ali e nt d at a ar e pro vi d e d i n Fi g ur e 2 . 1.  
 Fi g ur e 2 . 2 dis pl a ys mi R N A -s e q r es ults as v ol c an o a n d h e at -m a p pl ots f or t hr e e 
gr o u p c o m p aris o ns: P O + v e hi cl e v ers us s h a m -c o ntr ol, P O + P D E 5 -I v ers us P O + v e hi cl e, a n d 
P O + P D E 9 -I v ers us P O + V e hi cl e.  E a c h a n al ysis w as d eri v e d fr o m w h ol e m y o c ar di al tiss u e 
is ol at es o bt ai n e d at t er mi n al st u d y ( 5 w e e ks aft er P O). Wit h P O, 6 3 mi R N As si g nifi c a ntl y 
i n cr e as e d a n d 4 8 d e cli n e d ( Fi g ur e 2 . 2A, T a bl e 2 .1) . M a n y mi R N As r e p ort e d t o b e eit h er 
e n h a n c e d ( mi R -2 0 8 b, 1 9 9, 1 9 9 b, 2 1 a, 3 4 b, a n d 3 4 c) or di mi nis h e d ( mi R -1 3 3 a, 1 3 3 b, a n d 1 a) 
b y P O w er e o bs er v e d i n t his a n al ysis.  P D E 5 -I re d u c e d mi R N A e x pr essi o n br o a dl y ( Fi g ur e 
2 . 2B, T a bl e 2 .2 ) as s e e n i n t h e v ol c a n o pl ot wit h t h e v ast m aj orit y of c h a n g es i n t h e 
n e g ati v e l o g -f ol d r e gi o n. T his eit h er r e v ers e d or f urth er di mi nis h e d e x pr essi o n of m a n y of 
t h e mi R N As alt er e d b y P O, a n d l o w er e d ot h ers u n c h a n g e d b y P O. I n st ar k c o ntr ast, P D E 9-
I mi ni m all y alt er e d mi R N As ass o ci at e d wit h P O, i m p a cti n g o nl y 9, 5 of w hi c h r e v ers e d P O 
c h a n g es ( Fi g ur e 2 . 2C, T a bl e 2. 3 ).  T h e m a g nit u d e of t h e c h a n g e of e v e n t h es e 9 w as 
m o d est.  A h e at m a p usi n g hi er ar c hi c al c l ust eri n g a g gr e g at e d P O a n d P O + P D E 9-I t o g et h er, 
e a c h b ei n g q uit e diff er e nt fr o m eit h er S h a m or P O + P D E 5 -I gr o u ps (Fi g ur e 2 . 2D ).  T h e 
mi R N A n a m es f or e a c h r o w ar e pr o vi d e d i n T a b l e 2. 4 . 
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Fi g ur e 2 . 1: P h e n ot y pi c i m pr o v e m e nt i n P O mi c e aft er P D E 5-I a n d P D E 9 -I.  
 
Fi g ur e 2 . 1: P h e n ot y pi c i m pr o v e m e nt i n P O mi c e aft er P D E 5-I a n d P D E 9 -I.   
C 5 7 Bl 6 /J mi c e w er e st u di e d as pr e vi o usl y d es cri b e d 1 1 4 . L eft v e ntri c ul ar tiss u e w as 
s u bs e q u e ntl y us e d f or mi R N A-s e q a n al ysis. A) Fr a cti o n al s h ort e ni n g. B) L eft v e ntri c ul ar 
m ass. C) L eft v e ntri c ul ar e n d -s yst oli c di m e nsi o n as a m e as ur e of dil ati o n. All p ar a m et ers 
w er e si g nifi c a ntl y i m pr o v e d b y tr e at m e nt wit h eit h er  Sil ( P D E 5 -I) or P F-9 6 1 3 ( P D E 9 -I). * 
p < 0. 0 5 v ers us P O gr o u p b as eli n e m e as ur e m e nts. $ p < 0. 0 5 v ers us P O m e as ur e m e nt as s a m e 
ti m e p oi nt. N = 5-9 p er gr o u p. D at a is pr es e nt e d as m e a n ± S E M. D at a w er e a n al y z e d usi n g 


















L V- E D s
S h a m
T A C
T A C + Sil





























F r a cti o n al S h ort e ni n g
S h a m
T A C
T A C + SI L
T A C + P F- 9 6 1 3
* *
$ $














L V m a s s
S h a m
T A C
T A C + SI L




































L V -E D s 
Fr a cti o n al S h ort e ni n g L V M a s s












B a s eli n e 1 W e e k 5 W e e k s
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F r a cti o n al S h ort e ni n g
S h a m
P O
P O + Sil
P O + P F- 9 6 1 3
* *
$ $
P O + Si
P O + P -9 6 1 3
!
! & - !
Fi g ur e 2. 2: P D E 5- I a n d P D E 9- I a p pli e d t o P O h e art yi el d di s p ar at e mi R N A pr ofil e s.  
 
 
Fi g ur e 2. 2: P D E 5- I a n d P D E 9- I a p pli e d t o P O h e art yi el d di s p ar at e mi R N A pr ofil e s.  
L eft v e ntri cl e m y o c ar di u m fr o m mi c e s u bj e ct e d t o s h a m or P O s ur g er y a n d s u bs e q u e ntl y 
gi v e n eit h er v e hi cl e, P D E 5-I ( Sil), or P D E 9-I ( P F- 9 6 1 3) w er e s u bj e ct e d t o mi R N A 
s e q u e n ci n g a n d s u bs e q u e nt diff er e nti al e x pr essi o n a n al ysis ( n = 5 p er gr o u p).  A) V ol c a n o pl ot 
of mi R N As alt er e d i n P O v ers us s h a m, wit h mi R N As r el e v a nt t o c ar di a c 














H y p ertr o p h y/ Fi br o si s A s s o ci at e d
U p wit h T A C, D o w n wit h Dr u g
D o w n wit h T A C, U p wit h Dr u g
Si g nifi c a nt
N o n si g nifi c a nt
L o g 2 F ol d C h a n g e 




























mi R- 2 0 8 b- 3 p 
mi R- 3 4 c- 5 p 
mi R- 1 9 9 a- 5 p 
mi R- 2 1 a- 5 p 
mi R- 1 9 9 a- 3 p/ 1 9 9 b- 3 p 
mi R- 2 1 a- 3 p 
mi R- 1 a- 3 p 
L o g 2 F ol d C h a n g e 































H y p ertr o p h y/ Fi br o si s A s s o ci at e d
U p wit h P O, D o w n wit h Dr u g
D o w n wit h P O, U p wit h Dr u g
Si g nifi c a nt
N o n si g nifi c a nt
H y p ertr o p h y/ Fi br o si s- A s s o ci at e d 
U p wit h P O, D o w n wit h Dr u g 
D o w n wit h P O, U p wit h Dr u g 
Si g nifi c a nt 
N o n si g nifi c a nt 














L o g 2 F ol d C h a n g e 
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h y p ertr o p h y /fi br osi s l a b el e d. B)  V ol c a n o pl ot of mi R N As alt er e d i n P O + Sil v ers us P O.  C)  
V ol c a n o pl ot of mi R N As alt er e d i n P O + P F -9 6 1 3 v ers us P O. F or all v ol c a n o pl ots, d ar k gr a y 
d ots i n di c at e diff er e nti all y e x pr ess e d mi R N As; gr e e n tri a n gl es i n di c at e mi R N As i n cr e as e d 
wit h P O, a n d d e cr e as e d wit h dr u g tr e at m e nt; r e d tri a n gl es i n di c at e mi R N As d e cr e as e d wit h 
P O, a n d i n cr e as e d wit h dr u g tr e at m e nt; a n d pi n k d i a m o n ds i n di c at e mi R N As l a b el e d i n 
p a n el A t h at ar e ass o ci at e d wit h c ar di a c h y p ertr o p h y a n d fi br osis (l e g e n d c a n b e f o u n d i n 
p a n el 1 C).  D)  H e at m a p of a ll mi R N As c h a n g e d si g nifi c a ntl y wit h P O f or all tr e at m e nt 
gr o u ps, cl ust er e d b y b ot h r o ws ( mi R N As) a n d c ol u m ns (s a m pl es). R o w l a b els (i. e. mi R N A 
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Tr a n s cri pt o m e f or e a c h tr e at m e nt s h o w s  m a n y c h a n g e s b ut f e w ar e o v erl a p pi n g  
Gi v e n t h e r ol e of mi R N As, t h es e r es ults mi g ht pr e di ct mi ni m al tr a ns cri pt o m e 
c h a n g es fr o m P D E 9 -I w h er e as P D E 5-I tr e at m e nt w o ul d b e e x p e ct e d t o m or e br o a dl y alt er 
m R N A e x pr essi o n. T his w as t est e d b y R N A -s e q o n t h e s a m e sa m pl es. T o o ur s ur pris e,  m or e 
t h a n t wi c e as m a n y g e n es w er e si g nifi c a ntl y alt er e d b y P D E 9-I ( 1 7 5 6) as c o m p ar e d t o 
P D E 5 -I ( 8 6 8) (Fi g ur e 2 . 3A ), 8 7 % a n d 7 3 % of t h e m b ei n g u ni q u e t o P D E 5-I or P D E 9-I 
tr e at m e nt, r es p e cti v el y. A m o n g t h e s h ar e d g e n es, all b ut o n e c h a n g e d i n t h e s a m e dir e cti o n 
a n d m a g nit u d e ( Fi g ur e 2 . 3B ), t h e o n e e x c e pti o n b ei n g C d h 2 0  e n c o di n g c a d h eri n -2 0 
pr e c urs or.  
K E G G p at h w a y a n al ysis f or t h e P O c o n diti o n r e v e al e d t y pi c al c h a n g es, i n cr e asi n g 
e xtr a c ell ul ar m atri x, c yt os k el et al, a n d h y p ertr o p h y a n d h e art f ail ur e -r el at ed g e n es, a n d 
d e cr e asi n g m et a b oli c p at h w a y r el at e d g e n es. W hil e t h e s p e cifi c g e n es alt er e d b y e a c h 
tr e at m ent m ostl y diff er e d, p at h w a y a n al ysis yi el d e d si mil ar cl ust ers, wit h t h e n u m b er of 
g e n es alt er e d d e cli ni n g r el ati v e t o P O i n c as es t o l e v els si mil ar t o S h a m c o ntr ol ( Fi g ur e 2 . 3C 
a n d D ).  T h us, d es pit e t ar g eti n g a si mil ar ki n as e p at h w a y, P D E 5 a n d P D E 9 i n hi bit ors 
i m p a ct e d g e n es v er y diff er e ntl y, w hil e still c o n v er gi n g o n si mil ar si g n ali n g p at h w a ys alt er e d 
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F i g ur e 2 . 3: T r a n s cri pt o m e f or P D E 5-I a n d P D E 9 -I s h o w s m a n y c h a n g e s b ut f e w o v erl a p pi n g o n e s  
  
F i g ur e 2 . 3: Tr a n s cri pt o m e f or P D E 5 -I a n d P D E 9 -I s h o w s m a n y c h a n g e s b ut f e w o v erl a p pi n g o n e s  




















P O + Sil L o g 2 F C
R 2  = 0. 8 9 3 9 wit h C d h 2 0
R 2  = 0. 9 4 1 9 wit h o ut C d h 2 0
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T A C + Sil
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P O + Sil
P O + P F- 9 6 1 3
P O + Sil






















































































































































































































































































































































































P O + Sil L o g 2 F
1. 00. 5
2 0
R 2 = 0. 8 9 3 9 wit h C d h 2 0



















P O + SilP O + P F -9 6 1 3
1 5 3 1
( 6 3. 8 %)
2 3 4
( 9. 8 %)
6 3 4
( 2 6. 4 %)
 
 3 3  
S a m pl es fr o m t h e s a m e c o h ort of mi c e fr o m Fi g ur e 1 . 1 w er e  s u bj e ct e d t o R N A-s e q u e nci n g.  A)  R N A -s e q a n al ysis r e v e al e d 2 3 4 s h ar e d 
g e n es b et w e e n P D E 5 -I ( Sil) a n d P D E 9-I ( P F-9 6 1 3), wit h m or e g e n es c h a n g e d o v er all b y P D E 9 -I ( 1 7 5 6) t h a n P D E 5-I ( 8 6 8). B)  
C orr el ati o n a n al ysis of f ol d c h a n g es of t h e g e n es s h ar e d b et w e e n P D E 5 -I a n d P D E 9-I. C)  G e n e n u m b ers i n K E G G p at h w a ys i d e ntifi e d t o 
b e u pr e g ul at e d i n P O c o m p ar e d t o s h a m f or P O, P O + P D E 5 -I, a n d P O + P D E 9-I. D)  G e n e n u m b ers i n K E G G p at h w a ys i d e ntifi e d t o b e 
d o w nr e g ul at e d i n P O c o m p ar e d t o s h a m f or P O, P O + P D E 5 -I, a n d P O + P D E 9-I. Stri p e d b ars i n t h e K EG G p at h w a ys gr a p hs i n di c at e 












 3 4  
P D E 5 -I a n d P D E 9 -I m e di at e d mi R N A di s p ariti e s o c c ur at l at e -st a g e pr o c e s si n g  
Mi cr o R N As ar e tr a ns cri b e d fr o m t h e g e n o m e a n d pr o c ess e d fr o m  a pri  t o pre  f or m i n 
t he n u cl e us b y Dr os h a a n d D G C R 8. T h e pre -mi R N A is t h e n e x p ort e d t o t h e c yt os ol, a n d 
c o n v ert e d t o its m at ur e f or m b y Di c er a n d its p art n er T R B P, a n d gr o wi n g e vi d e n c e s u p p orts 
ki n as e si g n ali n g c o ntr ol o v er t his pr o c ess 1 2 4 .  N o st u d y h as r e p ort e d a s p e cifi c i nfl u e n c e of 
P K G, s o w e t est e d w h et h er diff er e nt mi R N A pr ofil es e v ol v e fr o m n u cl e ar or c yt os ol 
pr o c essi n g.  W e f o c us e d o n a s u bs et of r el e v a nt mi R N As ( mi R -1, 1 9 9, 2 0 8 b, 2 1 a, a n d 3 4 c), 
e a c h k n o w n t o b e i n v ol v e d wit h c ar di a c h y p ertr o p h y a n d / or fi br osis, a n d all e x pr ess e d i n 
c ar di o m y o c yt es 1 0 4, 1 2 5, 1 2 6 . Pre  a n d pri -m i R N A l e v els w er e si mil ar b et w e e n tr e at m e nts (Fi g ur e 
2 . 4 A, 2 . 4B ), w h er e as diff er e n c es i n e xpr essi o n a p p e ar e d i n t h e m at ur e mi R N A as f o u n d b y 
mi R N A -s e q (Fi g ur e 1. 4 C ). T h us, t h e dis p arit y i n mi R N A pr ofil es fr o m P D E 5-I v ers us 
P D E 9 -I i n t h e P O-h e art o c c urr e d at t h e l e v el of c yt os oli c pr o c essi n g.  
 W e f urt h er t est e d if eit h er P D E 5 or P D E 9 i n hi biti o n m o difi es g e n e e x pr essi o n of 
t h e pri m ar y mi R N A pr o c essi n g pr ot ei ns, Ar g o n a ut e ( A g o 2), mi cr o pr o c ess or c o m pl e x s u b-
u nit - D G C R 8, Di c er 1, a n d Dr os h a.  T h er e w er e n o si g nifi c a nt diff er e n c es i n e x pr essi o n f or 
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Fi g ur e 2. 4: mi R N A di s p ariti e s fr o m diff er e nt P D E i n hi bit or s o c c ur at l at e- st a g e pr o c e s si n g  
 






































































































































































































































































































































































































































































































































































mi R- 3 4 c mi R- 2 1 a mi R- 2 0 8 b mi R- 1 9 9 a mi R- 1 a 

























































































































































































































pri- R- 3 4 c pri- mi R- 2 1 a pri- mi R- 2 0 8 b pri- mi R- 1 9 9 a pri- mi R- 1 a 























F r a cti o n al S h ort e ni n g
S h a m
P O
P O + Sil





P O  
P O - 9 6 1 3 
 
 3 6  
A -C ) q R T -P C R a n al ysis f or A)  pri -mi R N As, B)  pr e -mi R N As, a n d C)  m at ur e mi R N As f or a  p a n el of mi R N As s el e ct e d fr o m t h e l ar g er 
s e q u e n ci n g d at a s et t h at ar e ass o ci at e d wit h c ar di a c h y p ertr o p h y a n d fi br osis ( pi n k di a m o n d mi R N As fr o m Fi g ur es 2 A, B, a n d C) . D)  q R T -
P C R a n al ysis f or mi R N A pr o c essi n g g e n es. A n al ysis w as p erf or m e d o n t h e s a m e s a m p l es us e d f or s e q u e n ci n g a n al ysis ( n = 5 p er gr o u p). * 
p < 0. 0 5, * * p < 0. 0 1, * * * p < 0. 0 0 1, * * * * p < 0. 0 0 0 1 as c o m p ar e d t o P O. D at a is pr es e nt e d as m e a n ± S E M. D at a w as a n al y z e d usi n g a o n e -













 3 7  
Eff e ct o n mi R N A s fr o m alt er n ati v e sti m ul ati o n of G C -1 or G C -2 A si g n ali n g  
P D E 5 -I pri m aril y r e g ul at es c G M P g e n er at e d fr o m G C-1, w hi c h is a cti v at e d b y N O. 
T o f urt h er t est if t his p at h w a y is i m p ort a nt f or br o a d  s u p pr essi o n of mi R N As b y P D E 5 -I, 
w e st u di e d mi c e e x p os e d t o P O a n d tr e at e d wit h a dir e ct G C -1 a cti v at or, B A Y 6 0 -2 7 7 0. 
B A Y 6 0 -2 7 7 0 tr e at m e nt als o r e d u c es c ar di a c h y p ertr o p h y, f i br osis, a n d i m pr o v es f u n cti o n 
si mil ar t o P D E 5-I (Fi g ur e 2 . 5)1 2 7 . T hirt e e n mi R N As w er e ass a y e d, e a c h k n o w n t o b e 
r el e v a nt t o pr o- or a nti -h y p ertr o p hi c si g n ali n g 1 0 5 -1 0 7, 1 2 8 -1 3 9  a n d di vi d e d t h e m i nt o t h os e 
si g nifi c a ntl y i n cr e as e d or d e cr e as e d b y P O.  B ot h P D E 5 -I a n d G C-1 a cti v ati o n dis pl a y e d 
si mil ar r e d u cti o ns of mi R N As t h at w er e i n cr e as e d b y P O, ( p = N S, F i g ur e 2 . 6A ). H o w e v er, 
a m o n g t h os e t h at d e cli n e d wit h P O ( a nti -h y p ertr o p hi c mi R N As), P D E 5 -I f urt h er r e d u c e d 6 
o ut of 7, w h er e as G C -1 a cti v ati o n i m p a c t e d n o n e ( p < 0. 0 5 b y Fis h er’s e x a ct t est, F i g ur e 
2 . 6B ).  T h us, tri g g eri n g P K G b y e n h a n ci n g c G M P s y nt hesis vi a G C -1 a cti v ati o n or b y 
i m p e di n g its h y dr ol ysis b y P D E 5-I h a d si mil ar eff e cts o n mi R N As p ositi v el y ass o ci at e d wit h 
h y p ertr o p h y, b ut o nl y P D E 5 -I i m p act e d mi R N As t h at w er e a nti -h y p ertr o p hi c. T h us, e v e n 
diff er e nt w a ys of sti m ul ati n g t h e s a m e p at h w a y d o  n ot g u ar a nt e e i d e nti c al mi R N A 
m o d ul ati o n.   
 As m y o c ar di al P D E 9 pri m aril y h y dr ol y z es c G M P c o u pl e d t o G C -2 A 1 1 4 , a n 
alt er n ati v e t o P D E 9 -I is t o s ust ai n sti m ul ati o n of t his N P-r e c e pt or c o u pl e d c y cl as e. W e us e d 
a g e n eti c m o d el w it h c ar di o m y o c yt e-t ar g et e d o v er e x pr essi o n of G C-2 A, w hi c h is als o 
pr ot e cti v e a g ai nst P O i n d u c e d c ar di a c h y p ertr o p h y 1 1 5 .  As wit h P D E 9-I, t h er e w er e mi ni m al 
c h a n g es i n pr o - or a nti -h y p ertr o p hi c mi R N As i n P O -m y o c ar di u m fr o m G C -2 A 
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Fi g ur e 2. 5: P h e n ot y pi c i m pr o v e m e nt i n P O mi c e f oll o wi n g G C- 1 a cti v ati o n.  
 
 
Fi g ur e 2. 5: P h e n ot y pi c i m pr o v e m e nt i n P O mi c e f oll o wi n g G C- 1 a cti v ati o n.  
C 5 7 Bl 6 /J mi c e w er e s u bj e ct e d t o s h a m or P O s ur g eri es. P O mi c e w er e s u bs e q u e ntl y tr e at e d 
wit h eit h er v e hi cl e or B A Y 6 0- 2 7 7 0 ( G C- 1 a cti v at or) a n d f oll o w e d f or 3 w e e ks 1 2 7 . A) L eft 
v e ntri c ul ar m ass. B)  Fr a cti o n al s h ort e ni n g. C)  Fi br osis as q u a ntifi e d b y M ass o n’s tri c hr o m e 
st ai n. All p ar a m et ers w er e si g nifi c a ntl y i m pr o v e d b y tr e at m e nt wit h B A Y 6 0- 2 7 7 0. * * * * 
p < 0. 0 0 0 1 v ers us s h a m. $ p < 0. 0 5 v ers us P O, $ $ p < 0. 0 1 v ers us P O. N = 8- 1 5 p er gr o u p. D at a 
is pr es e nt e d as m e a n ± S E M. D at a w as a n al y z e d usi n g a Kr us k al- W allis t est wit h D u n n’s 
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Fi br o si s L V M a s s Fr a cti o n al S h ort e ni n g 









2 5 0 
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1 0 0 
5 0 
1 5 0 









Fi br o si s
S h a m
P O
B A Y* ***
h a m 
P O 





* * ** 
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Fi g ur e 2. 6: Eff e ct o n mi R N A s fr o m alt er n ati v e sti m ul ati o n of G C- 1 or G C- 2 A si g n ali n g  
 
 
Fi g ur e 2. 6: Eff e ct o n mi R N A s fr o m alt er n ati v e sti m ul ati o n of G C- 1 or G C- 2 A si g n ali n g  
A a n d B)  L eft v e ntri cl e m y o c ar di u m fr o m mi c e s u bj e ct e d t o s h a m or P O s ur g er y a n d s u bs e q u e ntl y gi v e n eit h er v e hi cl e, P D E 5-I ( Sil), or a n 
s G C a cti v at or ( B A Y 6 0- 2 7 7 0) w er e s u bj e ct e d t o q R T- P C R a n al ysis f or A)  pr o- h y p ertr o p hi c mi R N As a n d B)  a nti- h y p ertr o p hi c mi R N As. 
Sil d o w nr e g ul at es b ot h c at e g ori es of mi R N As, w h er e as B A Y d o w nr e g ul at es o nl y pr o- h y p ertr o p hi c mi R N As. N = 4- 1 1 p er gr o u p. * p < 0. 0 5 




























U p wit h P O
S h a m
P O
P O + B A Y
















































































mi R- 1 a
* W T S h a m
W T P O
G C- 2 A O E S h a m









































































mi R- 1 a
* W T S h a m
W T P O
G C- 2 A O E S h a m
G C- 2 A O E P O
W T S h a m 
W T P O 
G C- 2 A O E S h a m 
G C- 2 A O E P O 
mi R- 3 4 c mi R- 2 1 a mi R- 2 0 8 b mi R- 1 9 9 a mi R- 1 a 




























U p wit h P O
S h a m
P O
P O + B A Y
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S h a m 
P O 
P O + B A Y 
P O + Sil 












































































































































 4 0  
v er y si g nifi c a nt). C)  Mi c e o v er e x pr essi n g G C -2 A a n d W T litt er m at e c o ntr ols w er e s u bj e ct e d t o s h a m or P O s ur g er y ( n = 3 -5 p er gr o u p). 
M y o c ar di al tiss u e w as us e d f or q R T -P C R a n al ysis of mi R N As. * p < 0. 0 5, * * p < 0. 0 1, * * * p < 0. 0 0 1 as c o m p ar e d t o i n di c at e d gr o u p f or G C -
2 A a n al ysis. All d at a is pr es e nt e d as m e a n ± S E M. D at a w as a n al y z e d usi n g a o n e -w a y A N O V A wit h a D u n n ett p ost h o c t est, or a Kr us k al -














 4 1  
P D E 5 i n hi biti o n i n t h e n or m al h e art a n d l u n g d o e s n ot h a v e t h e s a m e eff e ct a s i n 
di s e a s e d h e art s  
Gi v e n t h e br o a d i m p a ct of P D E 5 -I o n mi R N A e x pr essi o n, w e w o n d er e d if si mil ar 
eff e cts w o ul d b e o bs er v e d u n d er n or m al c o n diti o ns or if a str ess e d or dis e as e st at e w as 
r e q uir e d. T o t est t his, w e e x p os e d C 5 7 Bl / 6J mi c e t o P D E 5 -I (sil d e n afil) f or 5 w e e ks a n d 
t h e n ass ess e d a r e pr es e nt ati v e p a n el of 1 1 mi R N As t h at all d e cli n e d wit h t his t h er a p y i n t h e 
P O h e art.  Of t h es e, 6 s h o w e d si g nifi c a nt c h a n g es ( mi R -1 a, mi R -2 1 a, mi R -2 6 b, a n d mi R -2 7 b 
d e cli n e d; mi R -1 3 3 a a n d mi R -2 0 8 b  i n cr e as e d), s o a m aj orit y ( 6 4 %) w er e dis c or d a nt wit h P O-
i n d u c e d c h a n g es ( p = 0. 0 0 3 9 b y Fis h er’s e x a ct t est, Fi g ur e 2 . 7).  
 P D E 5 -I i m p a cts t h e e n z ym e gl o b all y, i n cl u di n g i n t h e l u n g w h er e P D E 5 e x pr essi o n 
is pr o mi n e nt 1 4 0 . T o t est if its eff e cts o n mi R N A e x pr essi o n w er e or g a n i n d e p e n d e nt, w e 
e x a mi n e d l u n gs fr o m n or m al a n d P O mi c e, ass a yi n g t h os e k n o w n t o b e hi g hl y  e x pr ess e d i n 
l u n g 1 4 1, 1 4 2 . All w er e c o nfir m e d as b ei n g r e d u c e d i n P O + P D E 5-I m y o c ar di u m b y q P C R 
a n d / or mi R N A -s e q, y et n o n e w er e alt er e d i n l u n gs b y P D E 5 -I u n d er eit h er c o n diti o n 
(Fi g ur e 2 . 7B, Fi g ur e 2 . 8). T his i n di c at es t h at P D E 5-I d o es n ot tri g g er a p at h w a y br o a dl y 
s u ppr essi n g mi R N A m at ur ati o n m a c hi n er y, as e x p e ct e d if Di c er or ass o ci at e d pr ot ei ns w er e 
i n hi bit e d, a n d its eff e cts ar e m or e pr o mi n e nt i n t h e h e art a n d l ar g el y d e p e n d o n t h e e xist e n c e 
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Fi g ur e 2. 7: P D E 5 i n hi biti o n i n t h e n or m al h e art a n d str e s s e d l u n g  
 
Fi g ur e 2. 7: P D E 5 i n hi biti o n i n t h e n or m al h e art a n d str e s s e d l u n g  
A)  q R T- P C R w as p erf or m e d f or v ari o us mi R N As i n tiss u e fr o m n or m al, n o n-str ess e d C 5 7 Bl 6 /J mi c e tr e at e d wit h P D E 5-I ( Sil) f or 5 
w e e ks ( n = 5 p er gr o u p). C ar di a c mi R N As t h at n or m all y d e cr e as e wit h P O (t o p r o w) a n d i n cr e as e wit h P O ( b ott o m r o w) ass ess e d fr o m l eft 














































































































































































D o w n wit h T A C















































































































mi R- 4 5 1 a
S h a m
T A C










































































mi R- 4 5 1 a
S h a m
P O
P O + Sil
mi R- 1 9 9 a mi R- 2 0 8 b mi R- 2 1 a mi  - 3 4 c 
mi R- 2 6 b mi R- 2 9 a mi R- 2 9 c mi R- 3 0 b mi R- 3 0 d mi R- 4 5 1 a 


















































































































































































































S h a m 
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 4 3  
t h e l e v el t o w hi c h Sil r e d u c e d mi R e x pr essi o n i n t h e P O m o d el. B)  L u n g tiss u e fr o m C 5 7 Bl 6 /J mi c e s u bj e ct e d t o P O, P O + P D E 5 -I ( Sil), or 
s h a m s ur g eri es w as s u bj e ct e d t o q R T -P C R f or l u n g mi R N As ( n = 5 -6 p er gr o u p). * p < 0. 0 5, * * p < 0. 0 1, * * * p < 0. 0 0 1, * * * * p < 0. 0 0 0 1 as  
c o m p ar e d t o c o ntr ol f or s h a m Sil h e art a n al ysis. D at a is pr es e nt e d as m e a n ± S E M. F or A, d at a w as a n al y z e d usi n g t w o -t ail e d u n p air e d t-
t ests. F or B, d at a w as a n al y z e d usi n g a o n e-w a y A N O V A wit h a D u n n ett p ost h o c t est, or a Kr us k al -W allis t est wit h D u n n’s p ost h o c t e st.
!
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Fi g ur e 2. 8: P D E 5- I tr e at m e nt d o e s n ot alt er mi R N A e x pr e s si o n i n n or m al m o u s e 
l u n g. 
  
 
Fi g ur e 2. 8: P D E 5- I tr e at m e nt d o e s n ot alt er mi R N A e x pr e s si o n i n n or m al m o u s e 
l u n g. 
q R T- P C R w as p erf or m e d f or v ari o us mi R N As i n l u n g tiss u e fr o m n or m al, n o n-str ess e d 
C 5 7 Bl 6 /J mi c e tr e at e d wit h P D E 5-I ( Sil) f or 5 w e e ks ( n = 5 p er gr o u p). N o si g nifi c a nt 
c h a n g es w er e s e e n wit h P D E 5-I tr e at m e nt. D at a is pr es e nt e d as m e a n ± S E M. D at a w as 
a n al y z e d usi n g t w o-t ail e d u n p air e d t-t ests. 
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D o w n wit h T A C


















































































mi R- 2 9 c mi R- 2 9 a mi R- 2 6 b 




























 4 5  
D I S C U S S I O N  
 T o o ur k n o wl e d g e, t his st u d y is t h e first t o dir e ctl y c o m p ar e mi R N A si g n at ur es fr o m 
v er y cl os el y r el at e d a n d p h e n ot y pi c all y si mil ar t h er a pi es ( P D E 5 a n d P D E 9 i n hi biti o n) t h at 
b ot h eff e cti v el y c o u nt er t h e s a m e p at h ol o gi c al h y p ertr o p hi c h e art dis e as e b y  ulti m at el y 
a cti v ati n g t h e s a m e pr ot ei n ki n as e ( P K G). T h e diff er e n c e b et w e e n t h e m li es pri m aril y i n t h e 
s u b-c ell ul ar l o c ali z ati o n of t h e t w o P D Es, a n d t his ulti m at el y d efi n es w h er e t h e eff e ct is 
a ct u at e d. D es pit e stri ki n gl y si mil ar i m pr o v e m e nt i n pr ess ur e -o v erl o a d i n d u c e d  h e art dis e a s e 
a n d m a n y c o m m o n f e at ur es of b ot h P D E 5 -I a n d P D E 9-I, w e f o u n d n e arl y o p p osit e eff e cts 
o n mi R N A e x pr essi o n, t h e f or m er s u p pr essi n g m ost of t h e m w hil e t h e l att er h a d virt u all y n o 
i m p a ct.  
 T his st u d y r e v e als s e v er al s ur prisi n g a s p e cts of mi R N As.  First, it s h o ws t h at t h eir 
e x pr essi o n c a n b e br o a dl y a n d p ot e ntl y m o difi e d b y a cli ni c all y wi d el y us e d p h ar m a c e uti c al, 
si m ult a n e o usl y r e v ersi n g m a n y mi R N A c h a n g es p at h o p h ysi ol o gi c all y r el e v a nt t o pr ess ur e -
o v erl o a d i n d u c e d h e art dis e as e. I m p ort a ntl y, t his eff e ct r e quir es p h ar m a c e uti c al bi ol o g y i n 
t h e a p pr o pri at e i ntr a c ell ul ar c o m p art m e nt, a n d c a n n ot b e pr e di ct e d p ur el y b as e d o n t h e 
pr ot ei n it aff e cts.  S e c o n dl y, it dr a m ati c all y d e m o nstr at es t h at bi ol o gi c al c o n diti o ns t h at 
a p p e ar p h e n ot y pi c all y v er y si mil a r c a n h a v e mar k e dl y dis p ar at e mi R N A e x pr essi o n pr ofil es.  
L astl y, it s h o ws t h at mi R N As alt er e d b y dis e as e d o n ot n e e d t o b e r e v ers e d f or a tr e at m e nt 
t o eff e cti v el y c o u nt er tiss u e a n d or g a n-l e v el p at h ol o g y a n d p at h o p h ysi ol o g y.  T his p os es 
s om e q u a n d ari es f o r t h eir us e as bi o m ar k ers f or t h er a p e uti c r es p o ns es.   
B ot h P D E 5 a n d P D E 9 i n hi biti o n a u g m e nt c G M P a n d a cti v at e P K G. T his ki n as e 
a cti v ati o n c o nf ers a nti -fi br oti c a n d a nti-h y p ertr o p hi c eff e cts b y bl o c ki n g G q -pr ot ei n 
r e c e pt or c o u pl e d a cti v ati on 2 8 , a n d i n hi biti n g tr a nsi e nt r e c e pt or p ot e nti al c a n o ni c al i o n 
c h a n n el (t y p e 6) t o bl u nt n u cl e ar f a ct or of a cti v at e d T -c ells a n d s er u m r es p o ns e f a ct or 
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r e g ul at e d g e n e e x pr essi o n 6 5, 1 1 4, 1 4 3 .  T h e p o ols of P K G a cti v at e d b y eit h er P D E 5 or P D E 9 
i n hi biti o n s h ar e t h es e pr o p erti es, b ut als o dis pl a y d o w nstr e a m p h os p h or yl ati o n pr ofil es 
u ni q u e t o e a c h i nt er v e nti o n 1 1 4 . W e f o u n d o nl y t w o pri or st u di es r e p orti n g mi R N As alt er e d 
b y P D E 5 -I.  E a c h i n v ol v e d v er y diff er e nt m o d els a n d di d n ot ass ess mi R N A e x pr essi o n 
br o a dl y.  F or e x a m pl e, pi g h e arts s u bj e ct e d t o c ar di a c arr est a n d r es us cit ati o n h a d r e d u c e d 
mi R -1 a n d i n cr e as e d mi R -1 3 3 a wit h sil d e n afil tr e at m e nt 1 4 4 . Sil d e n afil r e d u c e d mi R-1 i n t h e 
c urr e nt m o d el as w ell.  T h e s e c o n d st u d y e x a mi n e d a di p os e tiss u e mi R N A e x pr essi o n i n t y p e 
2 di a b eti c p ati e nts tr e at e d wit h c hr o ni c hi g h d os e P D E 5 -I, a n d f o u n d P D E 5-I d e cre as e d 
mi R -2 2 -3 p e x pr essi o n 1 4 5 . A g ai n, t h e m o d el a n d tiss u e e x a mi n e d ar e v er y diff er e nt t o t h e 
pr es e nt w or k, a n d o nl y s el e cti v e a n al ysis w as pr o vi d e d.  O ur o bs er v ati o n t h at P D E 5 -I d o es 
n ot si m pl y s u p pr ess mi R N A l e v e ls i n n or m al mi c e or ot h er n o n -c ar di a c tiss u e fr o m P O mi c e 
s h o ws t his is n ot a bl a n k et eff e ct, b ut m or e s p e cifi c t o t h e tiss u e a n d c o n diti o n.  W e fi n d n o 
r e p orts of mi R N A c h a n g es wit h P D E 9-I.  F urt h er m or e, t h e r es ults wit h P D E 9-I ar e u n us u al 
i n t h at w e also f o u n d n o r e p orts of a t h er a p y c o nf erri n g s u bst a nti al b e n efits a g ai nst dis e as e 
y et wit h virt u all y n o i m p a ct o n mi R N A si g n ali n g c o u pl e d wit h t h e dis e as e.  T his d o es n ot 
m e a n g e n e tr a ns cri pti o n is u n alt er e d, j ust t h at it is diss o ci at e d fr o m mi R N A r e g ul ati o n .  
P D E 5 a n d P D E 9 e a c h pr ef er e nti all y r e g ul at e diff er e nt c G M P p o ols li n k e d t o eit h er 
N O or N P si g n ali n g, r es p e cti v el y.  H o w e v er, w e f o u n d e v e n t ar g eti n g pr es u m a bl y t h e s a m e 
c G M P p o ol b ut b y diff er e nt str at e gi es –  e. g. G C -1 a cti v ati o n v ers us P D E 5 -I – t h at mi RN A 
e x pr essi o n pr ofil es c o nsist e ntl y diff er e d w hil e or g a n a n d tiss u e l e v el i m pr o v e m e nt of 
u n d erl yi n g h e art dis e as e w as v er y si mil ar 1 2 7 .  T h e s p e cifi c diff er e n c es w er e i ntri g ui n g, as 
u nli k e P D E 9 -I, or u pr e g ul ati o n of t h e N P-ass o ci at e d G C -2 A c y cl as e, G C -1 a cti v ati o n a n d 
P D E 5 -I b ot h c o nsist e ntl y r e d u c e e x pr essi o n of pr o -h y p ertr o p hi c mi R N As t h at ar e 
ot h er wis e i n cr e as e d b y P O.  H o w e v er, mi R N As t h at d e cli n e wit h P O ar e u n alt er e d b y G C -1 
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a cti v ati o n, b ut r e d u c e d f urt h er b y P D E 5 -I.  St atisti c all y, t his c o nsist e nt p att er n w as u nli k el y 
d u e t o c h a n c e, a n d s h o ws t h at r e gi o n al ki n as e si g n ali n g wit hi n t h e c yt os ol c a n yi el d 
dir e cti o n all y c o h esi v e c h a n g es i n mi R N A e x pr essi o n.  T his t o o m a y r el at e t o c o m p art m e nt 
diff er e n c es b et w e e n P D E 5 a n d G C -1,  wit h G C -1 r esi di n g i n b ot h t h e c yt os ol a n d at t h e 
pl as m a m e m br a n e 2 1 , w h er e as P D E 5 n or m all y l o c ali z es t o t h e s ar c o m er e 6 4, 1 1 4 . P D E 5-I c a n 
o nl y alt er c G M P i n t h e  n a n o -d o m a i n i n w hi c h it is e x pr ess e d; w hil e G C-1 sti m ul ati o n 
g e n er at es c G M P t h at c a n als o b e r e g ul at e d b y ot h er P D Es b esi d es P D E 5 1 4 6 , s o t h eir i m p a ct 
is n ot i d e nti c al.  
T h e m e c h a nis m b y w hi c h P D E 5 -I br o a dl y alt ers mi R N A e x pr essi o n i n t h e P O h e art 
r e m ai ns u n k n o w n. Gi v e n t h at pri - a n d  pre - mi R N As ar e si mil ar b et w e e n P D E 5 -I a n d P D E 9-
I, t h e dis p arit y s e e ms li k el y t o r esi d e at t h e l e v el of c yt os oli c Di c er / Ar g o n a ut e mi R N A 
pr o c essi n g a n d / or ri b o n u cl e as es 1 2 4 .  W hil e g e n e e x pr essi o n of t h e r el e v a nt pr ot ei ns w as 
u n c h a n g e d, t his d o es n ot pr e cl u d e t h eir p ost -tr a nsl ati o n al m o difi c ati o n.  O ur p h os p h o-
ki n o m e a n al ysis of b ot h P D E 5 -I a n d P D E 9-I tr e at m e nt i n P O di d n ot fi n d c h a n g es i n 
mi R N A p r o c essi ng pr ot ei ns fr o m eit h er 1 1 4 , t h o u g h l a c k of d et e cti o n d o es n ot m e a n t h e y d o 
n ot e xist.  A n e x a m pl e w h er e ki n as e m o d ul ati o n of mi R N A pr o c essi n g o c c urs is Ar g o n a ut e  
2 p h os p h or yl ati o n b y c as ei n ki n as e -1 al p h a 1 t h at br o a dl y i m p a cts mi R N A -g e n e s u p pr essi o n 
1 4 7 . T his st u d y utili z e d a g e n o mi c C RI S P R / C as 9 k n o c k-o ut str at e g y t o i d e ntif y pr ot ei ns t h at 
bl u nt mi R N A pr o c essi n g. Of n ot e, P K G w as n ot i d e ntifi e d i n t his s cr e e n.  F urt h er m or e, if 
P K G h a d a g e n er al eff e ct o n Di c er / Ar g o n a ut e pr o c essi n g, o n e w o ul d e x p e ct P D E 5 -I t o 
s u p pr ess mi R N A e x pr essi o n i n ot h er tiss u es a n d c o n diti o ns ( e. g. wit h or wit h o ut dis e as e), 
b ut t his w as n ot o bs er v e d.  W h at e v er c h a n g es P D E 5 c a n i n d u c e als o a p p e ar t iss u e a n d 
c o n diti o n s p e cifi c, as si mil ar br o a d -s u p pr essi o n w as n ot o bs er v e d i n n or m al h e arts or t h e 
l u n g.  It is als o u nli k el y t h at P D E 5-I w o ul d n ec ess aril y a m eli or at e dis e as es g e n er at e d b y 
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artifi ci al o v er e x pr essi o n of a p at h o g e ni c mi R N A, or t h at its e x pr e ssi o n /a cti vit y is alt er e d b y 
s u c h m o d els.  U nf ort u n at el y, t h e o b vi o us r e d u cti o nist m o d el s yst e m - is ol at e d c ult ur e d 
m y o c yt es - pr o v e d i n a d e q u at e f o r r e pli c ati n g mi R N A si g n at ur es f o u n d i n vi v o.  T his is li k el y 
d u e t o t h e a bs e n c e of r e q uir e d e n vir o n m e nt al c u es a n d  str ess es pr es e nt i n i nt a ct h e arts.  
M e c h a nisti c diss e cti o n of t h e c urr e nt si g n ali n g w o ul d a p p e ar t o r e q uir e m or e c o m pl e x i n 
vi v o g e n eti c m o d els w h er e vi a bilit y is oft e n a li mit ati o n.  
Wit h r es p e ct t o w h y P D E 9 i n hi bit ors d o n ot aff e ct mi R N A e x pr essi o n i n t h e P O 
m o d el, t his t o o m a y r el at e t o w h er e its c G M P m o d ul ati o n o c c urs.  P D E 9 f u n cti o n al 
i nt er a cti o n wit h n atri ur eti c p e pti d e r e c e pt or-c o u pl e d c G M P a n d c o -l o c ali z ati o n wit h 
s ar c o pl as mi c r eti c ul ar m e m br a n es s u g g est c o m p art m e nts r e m o v e d fr o m c yt os oli c mi R N A 
pr o c essi n g.  It is n ot d u e t o a f ail ur e t o g et t h e i n hi bit or i nt o t h e m y o c yt e, as w e r e p ort e d 
p ot e nt i n vi v o a n d i n vitr o eff e cts o n c G M P si g n a li n g fr o m P D E 9 i n hi biti o n, i n cl u di n g 
eff e cts o n a nti -fi br oti c g e n e e x pr essi o n a n d h y p ertr o p h y m ar k ers, t h at ar e a bse nt w h e n t h e 
g e n e f or t h e pr ot ei n is sil e n c e d 1 1 4 .  As s h o w n h er e, P D E 9-I als o h as m ar k e d eff e cts o n g e n e 
e x pr essi o n - it j ust d o es s o wit h o ut alt eri n g mi R N As, a n d li k e P D E 5-I i n hi biti o n, i m p a cts 
p ost -tr a nsl ati o n al pr ot ei n  p h os p h or yl ati o n.  
I n s u m m ar y, w e h a v e s h o w n h o w dr a m ati c all y diff er e nt mi R N A e x pr essi o n pr ofil es 
c a n b e ass o ci at e d wit h si mil arl y t ar g et e d ki n as e a cti v ati o n str at e gi es t h at s u c c essf ull y tr e at t h e 
i d e nti c al h e art dis e as e –  o n e br o a dl y s u p pr ess i n g ex pr essi o n w hil e t h e ot h er l e a vi n g it 
virt u all y u n c h a n g e d. T h e r es ults i n di c at e t h at i m pr o vi n g m y o c ar di al a n d c h a m b er dis e as e 
p h e n ot y p e c a n b e a c hi e v e d wit h o ut e n g a gi n g mi R N As, a n d t h at wit h or wit h o ut t his 
e n g a g e m e nt, g e n e e x pr essi o n i m p a cti n g si mil ar  si g nali n g p a t h w a ys c a n still o c c ur.  L astl y, w e 
r e v e al a b ar c o d e-li k e si g n at ur e pr o vi d e d b y mi R N A pr ofil es t h at c a n disti n g uis h b et w e e n 
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tr e at m e nts t ar g eti n g t h e s a m e o v er all p at h w a y.  T his m a y pr o vi d e a us ef ul t o ol f or dr u g 
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T a bl e 2 . 1: mi R N A s diff er e nti all y e x pr e s s e d i n P O a s c o m p ar e d t o s h a m.  
L eft v e ntri cl e m y o c ar di u m fr o m mi c e s u bj e ct e d t o s h a m or P O s ur g er y a n d s u bs e q u e ntl y 
gi v e n eit h er v e hi cl e, P D E 5 -I ( Sil), or P D E 9-I ( P F-9 6 1 3) w as s u bj e ct e d t o mi R N A  
s e q u e n ci n g a n d s u bs e q u e nt diff er e nti al e x pr essi o n a n al ysis ( n = 5 p er gr o u p). T h e l o g 2 f ol d 
c h a n g e a n d p v al u e ar e pr o vi d e d f or e a c h mi R N A, wit h t a bl e s ort e d b y p v al u e.  
mi R N A I D  l o g 2 F ol d C h a n g e ( v s. s h a m) p v al u e  
m m u -mi R -2 0 8 b -3 p  4. 1 7 7 2 7 7 2 7 5  4. 1 5 E -6 9  
m m u -m i R-4 5 5 -3 p  2. 5 6 6 3 4 4 0 7 2  6. 0 1 E -2 3  
m m u -mi R -1 2 4 7 -5 p  2. 2 4 5 5 4 2 1 4 1  1. 1 6 E -1 9  
m m u -mi R -1 9 9 -5 p  1. 9 8 7 6 9 8 6 6 4  3. 1 3 E -1 9  
m m u -mi R -3 4 c -5 p  2. 0 8 1 4 9 1 0 6 1  4. 7 6 E -1 8  
m m u -mi R -2 1 a -5 p  1. 7 7 8 1 2 0 2 9 5  1. 5 0 E -1 7  
m m u -mi R -2 1 4 -3 p  1. 8 4 6 3 5 6 4 2 9  1. 6 2 E -1 5  
m m u -mi R -2 1 4 -5 p  1. 8 0 3 3 7 7 6 1 2  2. 4 7 E -1 3  
m m u -mi R -1 9 9 -3 p / m m u -mi R -1 9 9 b -3 p  1. 5 3 1 7 5 7 5 0 4  8. 9 6 E -1 3  
m m u -mi R -1 4 6 b -5 p  1. 6 6 2 8 6 6 4 2  1. 4 1 E -1 1  
m m u -mi R -2 1 a -3 p  1. 4 8 6 6 1 2 6 0 6  6. 2 2 E -1 0  
m m u -mi R -1 2 7 -3 p  1. 2 2 8 4 7 4 6 6 1  1. 7 8 E -0 8  
m m u -mi R -2 2 4 -5 p  1. 2 8 2 0 6 9 6 1 5  1. 1 7 E -0 7  
m m u -mi R -1 9 9 b -5 p  1. 2 5 5 4 4 4 6 2  2. 3 3 E -0 7  
m m u -mi R -1 4 0 -3 p  1. 1 4 9 5 0 7 2 9 2  2. 3 9 E -0 7  
m m u -mi R -3 4 b -5 p  1. 7 1 3 9 6 5 5 1 6  1. 2 6 E -0 6  
m m u -mi R -4 1 1 -5 p  1. 0 9 3 2 5 9 4 2 9  1. 4 0 E -0 6  
m m u -mi R -1 2 4 7 -3 p  2. 4 0 7 2 7 1 1 8 2  6. 2 6 E -0 6  
m m u -mi R -9 -5 p  -1. 1 5 2 4 6 6 7 1  7. 2 8 E -0 6  
m m u -mi R -4 5 5 -5 p  -1. 1 2 5 2 6 9 1 7 9  7. 2 9 E -0 6  
m m u -mi R -2 9 8 -5 p  1. 1 2 1 7 0 6 3 2 4  7. 9 4 E -0 6  
m m u -mi R -5 0 1 -5 p  1 . 8 5 7 7 6 3 8 1 8 2. 4 8 E -0 5  
m m u -mi R -2 7 b -3 p  0. 8 5 6 7 9 7 5 4  3. 0 9 E -0 5  
m m u -mi R -3 0 0 -3 p  0. 9 8 5 1 8 3 4 3 1  4. 5 5 E -0 5  
m m u -mi R -4 9 9 -5 p  -0. 7 7 7 5 8 5 6 3 5  0. 0 0 0 1 4 7 3 0 2  
m m u -mi R -4 1 0 -3 p  0. 8 9 2 4 5 2 5 4  0. 0 0 0 1 6 1 0 9 8  
m m u -mi R -4 9 7 a -5 p  0. 7 7 6 6 1 5 5 9 4  0. 0 0 0 1 7 4 4 9 1  
m m u -mi R -3 7 9 -5 p  0. 9 8 2 6 1 9 1 5 8  0. 0 0 0 2 7 1 3 6 3  
m m u -mi R -5 4 1 -5 p  0. 8 5 3 8 2 2 2 6 6  0. 0 0 0 2 8 5 6 3 7  
m m u -mi R -1 3 3 a -5 p  -0. 7 9 6 6 4 9 9 6 8  0. 0 0 0 3 0 5 6 7 4  
m m u -mi R -9 2 b -3 p  0. 8 8 3 2 1 2 5 4 1  0. 0 0 0 3 8 4 5 3 5  
m m u -mi R -2 2 2 -3 p  0. 7 4 4 5 3 4 0 0 1  0. 0 0 0 4 9 6 0 5 5  
 
 5 1  
m m u -mi R -4 3 1 -5 p  0. 8 8 2 8 2 0 5 5 8  0. 0 0 0 4 9 6 3 1 7  
m m u -mi R -1 4 0 -5 p  0. 8 8 3 3 5 0 3 9 8  0. 0 0 0 5 0 7 3 1 4  
m m u -mi R -2 4 -3 p  0 . 7 6 8 9 7 6 6 8 0. 0 0 0 5 5 1 9 6 2  
m m u -mi R -3 3 8 -3 p  -0. 8 3 7 0 1 7 9 3 6  0. 0 0 0 5 7 5 0 0 3  
m m u -mi R -5 7 4 -3 p  0. 7 9 8 3 6 1 2 6 5  0. 0 0 0 6 0 6 6 5 2  
m m u -mi R -1 2 5 b -1 -3 p  0. 8 1 2 7 4 9 7 1 2  0. 0 0 0 6 1 4 6 3 8  
m m u -mi R -5 8 2 -5 p  -1. 0 1 8 5 0 3 4 3  0. 0 0 0 6 1 5 2 1 6  
m m u -mi R -1 3 5 -5 p  -0. 9 5 0 0 4 5 3 0 5  0. 0 0 0 6 2 1 1 8 2  
m m u -mi R -2 3 b -3 p  0. 7 1 9 1 5 8 4 7 9  0 . 0 0 0 6 4 3 5 3 6 
m m u -mi R -1 9 5 -5 p  0. 7 2 3 2 2 8 5 0 6  0. 0 0 0 6 9 8 5 5 4  
m m u -mi R -1 0 a -5 p  -0. 7 6 9 9 6 5 2 0 9  0. 0 0 0 9 8 4 6 6 8  
m m u -mi R -2 9 c -3 p  -0. 7 0 9 7 6 1 9 8 1  0. 0 0 1 0 2 1 4 3  
m m u -mi R -3 2 9 -3 p  1. 0 9 4 6 6 5 8 5 2  0. 0 0 1 1 9 0 2 0 8  
m m u -mi R -3 0 c -1 -3 p  -0. 7 6 5 8 6 0 3 5 8  0. 0 0 1 2 4 8 3 2 6  
m m u -mi R -3 0 c -5 p  -0. 6 7 6 5 5 2 6 3 4  0. 0 0 1 3 3 4 2 2 2  
m m u -mi R -8 7 4 -3 p  -0. 7 9 3 6 2 3 4 3 1  0. 0 0 1 4 4 0 8 0 8  
m m u -mi R -1 3 6 -5 p  0. 7 9 2 9 9 4 6 0 3  0. 0 0 1 4 5 0 8 4 1  
m m u -mi R -3 0 e -5 p  -0. 5 9 9 4 6 8 7 8 5  0. 0 0 1 5 9 4 3 0 9  
m m u -mi R -3 0 e -3 p  -0. 6 0 5 2 5 1 8 4 4  0. 0 0 1 7 0 0 2 3 5  
m m u -mi R -1 3 6 -3 p  0. 8 6 3 4 1 9 4 0 6  0. 0 0 2 0 0 5 4 3 8  
m m u -mi R -3 4 b -3 p  0. 9 4 5 2 6 3 7 1 9  0. 0 0 2 1 0 9 1 5 3  
m m u -mi R -9 9 -3 p  0. 7 9 1 6 2 6 9 8 9  0. 0 0 2 2 2 1 5 7 7  
m m u -mi R -1 0 b -5 p  0. 6 5 1 3 8 7 8 4 1  0. 0 0 2 4 2 1 6 8  
m m u -mi R -2 2 1 -3 p  0. 6 6 8 7 7 2 8 4 1  0. 0 0 2 7 0 2 8 6 9  
m m u -mi R -1 4 4 -3 p  -0. 7 9 1 6 2 3 8 6 5  0. 0 0 2 7 1 0 7 1 9  
m m u -mi R -1 4 9 -5 p  -0. 6 4 7 0 3 6 2 7 1  0. 0 0 2 7 7 8 0 0 3  
m m u -mi R -2 0 8 a -3 p  -0. 6 5 8 5 4 0 1 1 1  0. 0 0 2 8 7 2 0 9 2  
m m u -mi R -1 a -3 p  -0. 5 7 6 7 8 8 1 5  0. 0 0 2 9 0 4 7 4 1  
m m u -mi R -2 7 b -5 p  0. 6 7 7 9 7 0 6 1 6  0. 0 0 3 4 5 1 6 7  
m m u -mi R -3 0 c -2 -3 p  -0. 6 4 3 6 1 2 6 1 3  0. 0 0 3 8 4 9 6 9 3  
m m u -mi R -1 9 6 0  -0. 8 7 5 9 9 4 3 8 3  0. 0 0 3 8 9 8 0 5 1  
m m u -mi R -2 1 0 -3 p  0. 6 4 6 8 3 8 8 5  0. 0 0 4 6 3 0 6 0 7  
m m u -mi R -6 6 7 -3 p  1. 2 0 4 8 5 3 4 9 4  0. 0 0 4 8 7 7 2 8 8  
m m u -mi R -3 0 b -5 p  -0. 6 1 2 7 4 3 0 1 3  0. 0 0 4 9 5 2 4 8 4  
m m u -mi R -1 3 3 b -3 p  -0. 5 9 5 5 3 9 6 5 5  0. 0 0 6 2 8 0 0 9 8  
m m u -mi R -4 8 3 -3 p  -0. 7 3 0 2 1 0 1 5 1  0. 0 0 7 1 4 7 5 7 3  
m m u -mi R -5 8 2 -3 p  -0. 6 0 1 3 3 5 2 7 3  0. 0 0 8 0 6 8 5 9 2  
m m u -mi R -1 9 6 4 -3 p  -0. 6 4 1 2 7 8 5 5 4  0. 0 0 8 2 4 5 1 4 3  
m m u -mi R -3 0 1 a -3 p  0. 6 0 6 1 8 8 4 8  0. 0 0 8 3 3 0 1 7 3  
m m u -mi R -1 3 9 -3 p  -0. 6 9 7 5 0 9 5 4 9  0. 0 0 8 4 8 3 4 2 3  
m m u -mi R -1 9 5 -3 p  0. 6 4 0 5 7 0 6 5 5  0. 0 0 8 6 7 8 8 5  
 
 5 2  
m m u -mi R -1 8 4 -3 p  0. 7 1 8 4 2 1 4 9 4  0. 0 0 9 8 8 3 2 6  
m m u -mi R -2 0 0 c -3 p  -1. 1 4 4 6 1 3 3 5 7  0. 0 1 0 9 6 1 8 1 9  
m m u -mi R -2 1 9 -5 p  -0. 9 5 1 1 2 7 5 6 3  0. 0 1 1 8 8 7 9 6 7  
m m u -mi R -1 5 4 -5 p  1. 0 0 9 7 8 0 5 0 7  0. 0 1 4 9 5 5 0 3 1  
m m u -mi R -1 3 2 -3 p  0. 5 0 2 7 1 6 5 4 2  0. 0 1 4 9 7 0 7 2 9  
m m u -mi R -9 9 b -5 p  0. 5 1 9 7 3 2 5 5 6  0. 0 1 5 5 4 7 6 1  
m m u -mi R -1 4 5 -3 p  -0. 5 1 0 5 6 0 3 9 7  0. 0 1 5 9 0 6 7 8 6  
m m u -mi R -2 6 b -3 p  -0. 6 2 1 0 9 8 9 9 4  0. 0 1 5 9 6 0 9 8  
m m u -mi R -1 8 1 a -1 -3 p  -0. 4 6 6 6 4 9 6 2 3  0. 0 1 8 2 1 8 1 8 1  
m m u -mi R -3 0 9 8 -5 p  -0. 9 2 0 4 8 9 1 0 1  0. 0 1 8 3 3 0 0 9 5  
m m u -mi R -3 0 9 8 -3 p  -0. 9 2 9 4 6 8 5 3 1  0. 0 1 8 7 8 7 9 6 3  
m m u -mi R -5 0 1 -3 p  0. 6 2 9 6 0 1 7 8  0. 0 1 8 9 7 1 3 5 6  
m m u -mi R -3 2 8 -3 p  -0. 5 1 1 5 4 0 8 7 8  0. 0 1 9 4 3 1 3 4 1  
m m u -mi R -1 1 9 8 -5 p  -0. 5 4 9 8 1 4 8 1  0. 0 2 0 9 2 0 7 7 9  
m m u -mi R -3 0 a -3 p  -0. 4 4 1 7 2 5 3 3 4  0. 0 2 1 7 9 8 0 9  
m m u -mi R -2 1 2 -5 p  0. 5 9 3 6 3 0 2 9 6  0. 0 2 1 8 3 4 4  
m m u -mi R -1 3 3 a -3 p  -0. 4 4 9 5 7 7 1 1 2  0. 0 2 1 9 8 9 0 0 4  
m m u -mi R -8 7 1 -3 p  -1. 1 5 6 9 4 6 8 2  0. 0 2 2 0 2 1 0 4 6  
m m u -mi R -9 9 -5 p  0. 5 3 0 0 7 5 2 1  0. 0 2 2 4 7 9 1 8 3  
m m u -mi R -3 4 1 -3 p  0. 7 1 6 0 1 2 7 1 7  0. 0 2 3 5 4 3 1 5  
m m u -mi R -3 7 8 a -3 p  -0. 4 2 5 5 9 8 0 8 7  0. 0 2 4 2 0 2 6 3 8  
m m u -mi R -4 8 6 a -3 p  -0. 4 5 1 9 6 5 1 4 8  0. 0 2 4 2 4 8 3 7  
m m u -mi R -1 3 4 -5 p  0. 6 8 3 3 8 4 5 8 6  0. 0 2 5 2 7 4 1 5 9  
m m u -mi R -3 3 1 -5 p  -0. 7 1 5 2 9 6 5 5  0. 0 2 5 6 7 0 5 4 9  
m m u -mi R -4 9 9 -3 p  -0. 6 1 4 7 2 8 4 1 5  0. 0 2 5 8 6 8 1 5 4  
m m u -mi R -5 7 4 -5 p  0. 5 6 4 6 3 3 7 8 8  0. 0 2 7 9 2 4 4 1 5  
m m u -l et-7 d -5 p  -0. 4 8 2 8 0 4 2 6 2  0. 0 2 9 2 0 7 8 2 6  
m m u -mi R -5 3 2 -5 p  0. 5 2 9 9 7 5 7 0 5  0. 0 3 4 5 8 0 3 8 1  
m m u -mi R -1 0 0 -5 p  0. 4 9 4 3 0 6 9 9 4  0. 0 3 4 7 6 8 3 2 4  
m m u -mi R -1 4 1 -3 p  -0. 5 7 7 6 0 2 8 3 3  0. 0 3 4 8 5 2 4 7 3  
m m u -mi R -2 4 -1 -5 p  0. 5 5 6 6 9 5 7 3 2  0. 0 3 6 9 2 1 7 9 8  
m m u -mi R -1 5 2 -5 p  0. 5 4 8 1 4 8 4 0 2  0. 0 3 9 9 6 3 9 8 9  
m m u -mi R -4 0 9 -3 p  0. 5 3 9 7 8 5 2 4 8  0. 0 4 1 7 7 9 0 7  
m m u -mi R -1 8 7 -3 p  -0. 5 4 9 5 5 2 4 1 9  0. 0 4 3 9 1 3 0 6 3  
m m u -mi R -3 2 4 -5 p  0. 5 2 2 2 3 7 4 8 1  0. 0 4 4 5 9 8 7 4 7  
m m u -mi R -1 4 4 -5 p  -0. 5 1 5 6 2 8 5 2  0. 0 4 7 2 8 0 8 2 9  
m m u -mi R -8 7 4 -5 p  -0. 6 6 3 7 8 5 1 6 8  0. 0 4 7 6 0 9 9 1  
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T a bl e 2 .2 : mi R N A s diff er e nti all y e x pr e s s e d i n P O + P D E 5 -I a s c o m p ar e d t o P O.  
 L eft v e ntri cl e m y o c ar di u m fr o m mi c e s u bj e ct e d t o s h a m or P O s ur g er y a n d s u bs e q u e ntl y 
gi v e n eit h er v e hi cl e, P D E 5 -I ( Sil), or P D E 9 -I ( P F-9 6 1 3) w as  s u bje ct e d t o mi R N A 
s e q u e n ci n g a n d s u bs e q u e nt diff er e nti al e x pr essi o n a n al ysis ( n = 5 p er gr o u p).  T h e l o g 2 f ol d 
c h a n g e a n d p v al u e ar e pr o vi d e d f or e a c h mi R N A, wit h t a bl e s ort e d b y p v al u e.  
 
mi R N A I D  l o g 2 F ol d C h a n g e ( v s. P O) p v al u e  
m m u -mi R -1 0 1 a -3 p  -4. 5 7 5 7 8 7 6 9 6  2 . 1 8 E-2 5  
m m u -mi R -2 0 8 b -3 p  -4. 2 5 9 7 1 0 8 1 9  1. 9 3 E -2 4  
m m u -mi R -1 4 2 a -5 p  -4. 7 2 0 1 3 8 5 5 9  5. 5 9 E -2 4  
m m u -mi R -2 1 a -5 p  -4. 2 9 2 2 3 8 3 0 1  1. 2 9 E -2 2  
m m u -mi R -1 4 4 -3 p  -5. 0 7 9 2 7 1 2 5 1  7. 1 7 E -2 0  
m m u -mi R -1 3 6 -5 p  -4. 8 2 1 5 0 9 1 9 8  1. 3 9 E -1 5  
m m u -mi R -1 a -3 p  -3. 5 9 3 6 1 3 1 0 3  5. 6 0 E -1 5  
m m u -l et-7 a -1 -3 p / m m u -l et-7 c -2 -3 p  -4. 3 0 5 8 1 5 6 9 2  1. 0 1 E -1 4  
m m u -mi R -1 0 1 b -3 p  -3. 6 0 6 4 4 9 1 7 9  4. 2 6 E -1 4  
m m u -mi R -2 0 8 a -3 p  -3. 5 2 0 5 1 5 3 0 6  9. 0 9 E -1 4  
m m u -mi R -3 0 1 a -3 p  -3. 2 2 6 3 5 0 1 2 9  1. 0 1 E -1 3  
m m u -mi R -1 5 3 -3 p  -5. 2 4 4 1 5 8 5 6 8  1. 3 7 E -1 3  
m m u -mi R -3 2 -5 p  -4. 0 1 9 8 5 6 0 2 8  2. 9 0 E -1 3  
m m u -mi R -1 2 6 a -5 p  -3. 4 6 6 6 5 6 3 0 4  2. 9 5 E -1 3  
m m u -mi R -1 4 8 a -3 p  -2. 9 9 4 6 6 5 9 5 1  1. 6 2 E -1 2  
m m u -mi R -1 9 0 a -5 p  -3. 7 3 3 2 5 6 6 4 2  5. 8 3 E -1 2  
m m u -mi R -3 4 0 -5 p  -3. 0 6 7 3 0 4 7 9 9  5. 9 6 E -1 2  
m m u -mi R -1 4 2 a -3 p  -3. 2 6 5 3 7 0 3 4 5  5. 9 6 E -1 2  
m m u -mi R -2 1 5 -5 p  -4. 0 4 3 4 3 9 6 5 8  1. 2 5 E -1 1  
m m u -mi R -9 8 -3 p  -3. 7 8 6 2 1 8 7 8 2  1. 3 0 E -1 1  
m m u -mi R -4 5 5 -5 p  -3. 8 8 2 2 1 9 3 5  2. 6 0 E -1 1  
m m u -mi R -1 9 -3 p  -4. 3 3 1 9 8 4 1 8 3  5. 1 5 E -1 1  
m m u -mi R -1 3 6 -3 p  -4. 0 6 1 0 6 7 8 2 2  2. 9 3 E -1 0  
m m u -mi R -4 5 0 b -5 p  -3. 7 8 0 7 8 0 2 4 2  3. 2 5 E -1 0  
m m u -mi R -3 2 2 -5 p  -2. 9 1 3 0 1 5 4 6  5. 9 3 E -1 0  
m m u -mi R -5 4 2 -3 p  -3. 5 1 7 6 1 8 2 1 5  1. 1 2 E -0 8  
m m u -mi R -1 9 b -3 p  -3. 3 7 7 1 6 8 0 8  1. 7 1 E -0 8  
m m u -mi R -1 4 4 -5 p  -3. 1 8 5 3 5 5 1 5 7  5. 6 8 E -0 8  
m m u -mi R -1 4 5 -3 p  -2. 7 8 2 8 7 2 2 8 1  7. 2 1 E -0 8  
m m u -mi R -4 9 9 -5 p  -2. 5 7 0 8 0 4 9 5 3  1. 9 3 E -0 7  
m m u -mi R -1 4 3 -3 p  -2. 5 7 4 1 9 1 1 7 9  3. 8 0 E -0 7  
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m m u -mi R -2 9 b -3 p  -2. 7 8 3 9 7 9 0 6 4  3. 8 4 E -0 7  
m m u -mi R -1 5 b -3 p  -3. 2 7 4 5 8 1 7 4 8  4. 0 8 E -0 7  
m m u -mi R -1 9 9 -3 p / m m u -mi R -1 9 9 b -3 p  -2. 2 5 8 9 2 8 3 5 1  4. 1 9 E -0 7  
m m u -mi R -3 0 d -3 p  -2. 8 1 9 1 8 6 2 5 3  4. 3 6 E -0 7  
m m u -mi R -3 3 5 -5 p  -3. 0 7 3 1 5 4 9 9 8  4. 9 1 E -0 7  
m m u -mi R -1 9 2 -5 p  -2. 4 7 8 4 5 0 3 1 8  6. 6 4 E -0 7  
m m u -mi R -1 4 7 -3 p  -3. 4 4 5 8 5 2 5 0 7  1. 6 1 E -0 6  
m m u -mi R -3 2 9 -3 p  -2. 6 1 9 7 2 1 8 3 3  2. 8 6 E -0 6  
m m u -l et-7f -1 -3 p  -3. 0 7 3 4 0 7 6 3 2  3. 0 4 E -0 6  
m m u -mi R -2 9 c -3 p  -2. 2 9 7 4 7 9 5 7 3  3. 3 2 E -0 6  
m m u -mi R -1 4 6 b -5 p  -2. 2 9 7 2 2 2 0 2 7  3. 6 5 E -0 6  
m m u -mi R -2 0 1 -5 p  -3. 5 5 0 5 5 3 3 7 1  4. 1 5 E -0 6  
m m u -mi R -2 2 3 -3 p  -2. 6 1 5 8 6 6 4 7 9  4. 3 9 E -0 6  
m m u -mi R -1 9 9 b -5 p  -2. 5 0 4 6 3 5 0 6 3  5. 1 9 E -0 6  
m m u -mi R -1 9 9 -5 p  -1. 7 6 3 1 2 6 4 9 9  1. 1 5 E -0 5  
m m u -mi R -1 a -1 -5 p  -3. 3 9 1 4 7 6 7 4  1 . 2 9 E-0 5  
m m u -mi R -5 8 2 -5 p  -3. 3 6 4 0 0 0 2 1 1  1. 4 9 E -0 5  
m m u -mi R -2 1 a -3 p  -2. 1 6 7 6 4 2 6 2 9  1. 6 3 E -0 5  
m m u -mi R -1 0 1 a -5 p  -2. 7 3 3 2 6 0 5 1 1  2. 0 3 E -0 5  
m m u -mi R -1 9 5 -5 p  -2. 1 4 8 7 2 2 3 9 2  2. 5 8 E -0 5  
m m u -mi R -1 3 5 -5 p  -3. 1 4 2 6 0 3 2 2 2  2. 6 6 E -0 5  
m m u -l et-7 c -1 -3 p  -2. 5 1 0 7 0 2 2 1 9  3. 5 4 E -0 5  
m m u -mi R -4 1 1 -5 p  -1 . 8 0 3 05 6 9 1  4. 0 3 E -0 5  
m m u -mi R -1 5 -5 p  -2. 1 4 6 6 8 4 2 6 8  5. 1 8 E -0 5  
m m u -mi R -2 6 a -2 -3 p  -4. 0 6 1 5 6 2 4 7 6  5. 3 0 E -0 5  
m m u -mi R -4 5 1 a  -2. 1 5 8 6 4 1 6 1  5. 3 5 E -0 5  
m m u -mi R -3 0 e -5 p  -2. 1 5 3 3 5 5 7 9 8  6. 1 9 E -0 5  
m m u -mi R -3 0 6 8 -3 p  -2. 1 6 5 9 5 9 9 5 8  6. 5 2 E -0 5  
m m u -mi R -4 8 8 -3 p  -2. 3 0 2 1 4 6 1 0 4  6. 7 0 E -0 5  
m m u -mi R -3 6 2 -3 p  -2. 8 1 0 1 4 4 7 4 8  7. 4 7 E -0 5  
m m u -mi R -3 7 6 c -3 p  -4. 3 1 1 1 3 7 3 9 8  9. 5 9 E -0 5  
m m u -mi R -3 0 b -5 p  -1. 9 7 5 1 3 5 7 7 3  9. 6 6 E -0 5  
m m u -mi R -8 7 2 -5 p  -2. 4 0 7 0 6 5 2 0 3  0. 0 0 0 1 1 9 0 6 5  
m m u -mi R -3 3 5 -3 p  -2. 4 2 2 6 7 3 2 7 4  0. 0 0 0 1 2 9 7 1 6  
m m u -mi R -2 6 b -5 p  -1. 9 4 0 6 9 9 6 7 5  0. 0 0 0 1 3 0 4 6  
m m u -mi R -7 a -1 -3 p  -2. 8 7 7 4 5 2 2 5 6  0. 0 0 0 1 3 9 0 7 6  
m m u -mi R -2 1 8 -5 p  -2. 3 3 0 4 8 5 7 2 4  0. 0 0 0 1 5 2 2  
m m u -mi R -2 7 a -3 p  -1. 6 9 5 9 6 8 4 9  0. 0 0 0 1 5 6 0 3 1  
m m u -mi R -2 4 -2 -5 p  -1. 8 3 0 5 4 1 2 6 3  0. 0 0 0 1 7 1 6 4 1  
m m u -mi R -4 8 3 -3 p  1. 2 0 5 6 7 7 8 1 8  0. 0 0 0 2 0 1 2 5 3  
m m u -mi R -6 7 6 -5 p  -2. 3 8 2 5 9 9 2 9 1  0. 0 0 0 2 5 4 3 4 7  
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m m u -mi R -1 4 0 -5 p  -2. 0 6 2 8 8 5 2 6  0. 0 0 0 2 5 9 8 8 3  
m m u -m i R-9 8 -5 p  -2. 0 3 2 5 0 6 5 3 4  0. 0 0 0 2 8 7 7 6 1  
m m u -mi R -1 6 -1 -3 p  -3. 1 0 9 5 2 4 9 2 3  0. 0 0 0 3 4 1 8  
m m u -mi R -2 7 b -3 p  -1. 7 4 2 7 3 3 4 7 1  0. 0 0 0 3 4 8 6  
m m u -mi R -3 4 b -5 p  -2. 3 0 4 3 9 2 3 1 5  0. 0 0 0 3 6 1 0 7 9  
m m u -mi R -1 0 b -5 p  -1. 7 6 7 8 2 7 2 4 1  0. 0 0 0 4 8 3 9 5 3  
m m u -mi R -3 4 c -5 p  -1. 6 0 7 2 6 0 6 1 3  0. 0 0 0 6 7 9 3 5 8  
m m u -mi R -4 5 0 a -5 p  -2. 0 1 7 3 1 9 5 9 5  0. 0 0 0 8 9 2 4 6  
m m u -mi R -5 4 7 -3 p  -2. 3 2 4 2 1 2 2 0 7  0. 0 0 1 5 2 2 8 3 7  
m m u -l et-7f -5 p  -1. 7 4 7 2 6 3 1 9  0. 0 0 1 6 2 0 8 9 8  
m m u -mi R -5 8 2 -3 p  -1. 8 0 3 3 9 6 1 5 3  0. 0 0 1 6 2 9 0 2 1  
m m u -mi R -1 5 2 -3 p  -1. 7 9 8 9 2 2 4 8 2  0. 0 0 1 7 2 4 3 7 3  
m m u -mi R -3 2 -3 p  -3. 0 1 2 4 8 0 2 9  0. 0 0 2 3 3 5 9 1 1  
m m u -mi R -3 7 6 b -5 p  -1. 9 3 4 0 6 7 3 1 3  0. 0 0 2 3 7 6 8 5 8  
m m u -mi R -2 9 9 -3 p  -2. 9 8 3 8 7 0 3 1 1  0. 0 0 2 7 6 8 1 0 5  
m m u -mi R -1 0 6 b -5 p  -1. 8 5 6 5 5 9 4 4 3  0. 0 0 3 4 4 8 0 9 3  
m m u -mi R -2 0 3 -3 p  -1. 9 2 8 1 6 3 7 1 7  0. 0 0 4 1 6 4 8 1 4  
m m u -mi R -3 0 6 8 -5 p  -2. 0 5 1 8 5 1 5 8 5  0. 0 0 4 8 3 2 6 1 3  
m m u -mi R -4 2 3 -5 p  1. 4 2 7 5 7 3 0 4 1  0. 0 0 5 6 2 2 4 4 9  
m m u -mi R -5 9 8 -3 p  -2. 7 9 0 2 8 9 1 1 4  0. 0 0 5 7 7 1 3 1 2  
m m u -mi R -1 2 4 7 -3 p  1. 0 7 8 0 5 8 2 1 6  0. 0 0 5 8 1 6 1 8 2  
m m u -mi R -3 2 8 -3 p  1. 3 4 6 7 3 3 7 6 6  0. 0 0 6 0 4 9 7 6 6  
m m u -mi R -3 0 a -5 p  -1. 5 4 3 5 2 8 4 9 5  0. 0 0 6 2 9 7 6 9 2  
m m u -mi R -1 4 8 b -5 p  -1. 3 8 9 3 3 8 5 3 1  0. 0 0 6 3 0 5 2 7 3  
m m u -mi R -2 1 9 -5 p  -3. 0 3 4 7 3 3 7 2 8  0. 0 0 7 3 2 5 1 6 1  
m m u -mi R -5 0 1 -3 p  1. 5 4 6 4 1 2 8 3 9  0. 0 0 7 5 3 7 3 8 9  
m m u -mi R -7 4 4 -3 p  -1. 7 7 4 4 7 9 9 7  0. 0 0 7 6 4 9 7 4 9  
m m u -mi R -1 8 2 -5 p  -1. 4 6 5 4 0 9 2 7 6  0. 0 0 7 7 5 5 1 1 7  
m m u -mi R -8 7 4 -5 p  1. 2 4 9 9 0 1 3 6 6  0. 0 0 8 4 2 9 3 2 5  
m m u -mi R -3 5 0 -3 p  -1. 5 8 5 4 5 2 9 0 9  0. 0 0 8 5 4 3 6 8 7  
m m u -mi R -1 5 2 -5 p  -1. 3 6 5 0 0 1 4 3 6  0. 0 0 8 6 5 1 4 7 9  
m m u -mi R -1 6 -2 -3 p  -1. 8 0 1 4 1 9 9 8 1  0. 0 0 9 1 7 7 0 2 8  
m m u -mi R -3 8 1 -3 p  -1 . 5 2 1 64 1 2 2 5  0. 0 0 9 2 6 0 4 0 1  
m m u -mi R -1 8 a -5 p  -2. 2 3 5 7 4 6 3 2 9  0. 0 0 9 9 9 1 3 5  
m m u -mi R -2 0 8 a -5 p  1. 3 4 2 5 1 0 2 3 2  0. 0 1 0 1 8 1 3 7  
m m u -mi R -4 5 5 -3 p  -0. 8 3 9 5 9 1 6 8 9  0. 0 1 0 9 1 0 9 8 3  
m m u -mi R -4 1 1 -3 p  -1. 5 9 4 9 4 1 6 5 7  0. 0 1 2 1 3 0 7 3  
m m u -mi R -3 8 0 -3 p  -2. 8 1 9 3 1 9 5 1 3  0. 0 1 3 2 7 5 5 5 8  
m m u -mi R -4 2 3 -3 p  1. 2 6 3 2 3 0 9 6 3  0. 0 1 3 4 9 0 0 5 9  
m m u -mi R -3 4 0 -3 p  -1. 4 2 1 7 0 5 5 8 4  0. 0 1 5 1 4 4 1 6  
m m u -mi R -1 5 0 -5 p  1. 0 4 4 4 7 8 6 2 9  0. 0 1 5 6 7 4 1 3 9  
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m m u -mi R -1 2 5 -5 p  1. 1 7 5 7 4 2 3 7 1  0. 0 1 5 6 9 6 5 2 4  
m m u -l et-7 d -3 p  1. 0 9 0 4 6 0 3 9 2  0. 0 1 8 2 3 2 6 3 8  
m m u -mi R -2 6 a -5 p  -1. 3 1 7 3 0 1 1 7 8  0. 0 1 8 3 3 4 2 2 4  
m m u -mi R -7 2 3 6 -3 p  -2. 7 0 1 2 4 2 7 7  0. 0 1 8 6 4 5 6 6 7  
m m u -m i R-2 1 4 -5 p  -0. 9 6 7 1 3 5 9 1 9  0. 0 1 8 9 0 1 0 6 5  
m m u -mi R -3 3 8 -3 p  -1. 2 6 0 6 4 4 7 8 7  0. 0 2 0 0 1 3 9 9 5  
m m u -mi R -1 4 8 a -5 p  -1. 3 9 4 0 2 1 5 0 5  0. 0 2 0 4 3 0 5 7 2  
m m u -mi R -9 -5 p  -1. 2 3 1 0 3 5 5 7 5  0. 0 2 1 4 7 2 4 5 8  
m m u -mi R -7 4 4 -5 p  1. 2 5 5 9 7 9 3 1 7  0. 0 2 4 7 9 5 9 4  
m m u -mi R -9 3 -3 p  0. 9 8 5 6 8 3 7 9 6  0. 0 2 5 0 6 7 7 3 9  
m m u -mi R -9 2 a -3 p  1. 1 2 7 5 6 0 4 3 8  0. 0 2 5 0 7 6 3 4 5  
m m u -mi R -3 7 9 -5 p  -1. 5 5 8 7 1 2 4 8 8  0. 0 2 5 1 5 6 2 0 7  
m m u -mi R -1 6 -5 p  -1. 4 0 7 1 1 9 3 3  0. 0 2 6 1 6 2 9 9 4  
m m u -mi R -4 9 0 -5 p  1. 2 4 7 6 7 2 2 7 1  0. 0 2 7 5 3 3 4 0 8  
m m u -mi R -7 a -5 p  -2. 3 3 1 7 0 4 0 0 2  0. 0 2 8 4 4 3 3 9  
m m u -mi R -2 0 0 c -3 p  1. 1 3 6 6 8 0 8 9  0. 0 3 0 3 2 9 7 3 4  
m m u -l et-7 g -5 p  -1. 2 3 7 5 2 6 7 2 9  0. 0 3 2 3 4 4 6 2 9  
m m u -mi R -1 4 9 -5 p  0. 9 4 2 7 2 8 5 9 8  0. 0 3 3 8 0 6 7 7 9  
m m u -mi R -9 9 -3 p  -1. 1 6 7 0 9 7 6 4 2  0. 0 3 4 4 7 4 8 0 9  
m m u -mi R -1 9 4 -5 p  -1. 5 7 7 7 6 7 7 6 1  0. 0 3 6 9 1 5 2 6 6  
m m u -mi R -1 4 1 -3 p  -1. 8 4 9 0 7 5 3 0 8  0. 0 3 7 0 0 1 2 5 3  
m m u -mi R -4 1 0 -3 p  -1. 1 3 5 7 0 7 9 7 3  0. 0 3 8 4 5 9 5 4 8  
m m u -mi R -1 9 8 1 -5 p  1. 0 9 3 6 8 3 4 8 2  0. 0 3 9 0 7 8 0 0 4  
m m u -mi R -2 4 -1 -5 p  -1. 0 6 2 7 3 8 1 8 4  0. 0 3 9 3 8 5 1 3 6  
m m u -mi R -3 1 -3 p  -2. 6 1 3 7 8 2 6 8 6  0. 0 3 9 4 6 2 4 9 3  
m m u -mi R -2 4 -3 p  -0. 9 8 1 1 2 7 0 4 4  0. 0 4 0 4 3 7 2 2 8  
m m u -mi R -1 2 5 b -2 -3 p  -0. 9 8 5 9 3 6 9 3 7  0. 0 4 3 4 3 1 3 6 2  
m m u -mi R -3 3 0 -3 p  1. 1 7 3 9 3 9 5 4 1  0. 0 4 7 3 0 6 4 3 4  
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T a bl e 2 .3 : mi R N A s di ff er e nti all y e x pr e s s e d i n P O + P D E 9-I a s c o m p ar e d t o P O.  
L eft v e ntri cl e m y o c ar di u m fr o m mi c e s u bj e ct e d t o s h a m or P O s ur g er y a n d s u bs e q u e ntl y 
gi v e n eit h er v e hi cl e, P D E 5 -I ( Sil), or P D E 9-I ( P F-9 6 1 3) w as s u bj e ct e d t o mi R N A 
s e q u e n ci n g a n d s u bs e q u e nt diff er e nti a l e x pr essi o n a n al ysis ( n = 5 p er gr o u p). T h e l o g 2 f ol d 
c h a n g e a n d p v al u e ar e pr o vi d e d f or e a c h mi R N A, wit h t a bl e s ort e d b y p v al u e.  
 
mi R N A I D  l o g 2 F ol d C h a n g e ( v s. P O) p v al u e  
m m u -mi R -4 8 6 a -3 p  -0. 8 5 2 2 8 8 2 2 9  0. 0 0 0 7 5 9 7 0 6  
m m u -mi R -1 2 4 7 -5 p  -0. 8 2 9 1 6 4 6 7 3  0. 0 0 5 0 1 7 1 6 7  
m m u -mi R -1 3 3 b -3 p  -0. 6 0 2 2 6 7 0 6 6  0. 0 0 7 4 7 9 8 0 7  
m m u -mi R -2 0 8 b -3 p  -0. 7 2 6 9 3 1 4 5 1  0. 0 1 2 9 9 2 2 5 7  
m m u -mi R -4 8 3 -3 p  0. 6 7 8 4 3 9 6 8 2  0. 0 1 7 2 4 1 9 1 6  
m m u -mi R -3 0 9 8 -3 p  0. 8 5 3 6 6 7 3 1 9  0. 0 2 1 4 3 4 1 6 9  
m m u -mi R -1 4 4 -3 p  -0. 4 7 6 0 7 7 2 7 8  0. 0 2 2 8 7 2 7 5 9  
m m u -mi R -1 4 6 b -5 p  -0. 7 3 4 0 2 0 6 5 6  0. 0 2 4 0 3 9 0 3 2  
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T a bl e 2 .4 : R o w l e g e n d s (i. e. mi R N A I D s) f or t h e h e at m a p pr e s e nt e d i n  Fi g ur e 1 . 2D . 
mi R N As diff er e nti all y e x pr ess e d i n P O as c o m p ar e d t o s h a m w er e cl ust er e d usi n g M or p h e us 
( Br o a d I nstit ut e) a c c or di n g t o r o ws ( mi R N A) a n d c ol u m ns (s a m pl es), or o nl y r o ws ( mi R N A) 
b y t h e o n e mi n us S p e ar m a n r a n k c o effi ci e nt m et h o d.  
 
R o w N u m b er  mi R N A I D  
1  m m u -mi R -1 3 3 b -3 p  
2  m m u -mi R -1 8 7 -3 p  
3  m m u -mi R -1 1 9 8 -5 p  
4  m m u -mi R -1 3 3 a -3 p  
5  m m u -mi R -1 4 9 -5 p  
6  m m u -mi R -3 2 8 -3 p  
7  m m u -mi R -1 3 9 -3 p  
8  m m u -mi R -8 7 4 -3 p  
9  m m u -mi R -3 0 c -1 -3 p  
1 0  m m u -mi R -3 0 c -2 -3 p  
1 1  m m u -l et-7 d -5 p  
1 2  m m u -mi R -8 7 4 -5 p  
1 3  m m u -mi R -1 9 6 4 -3 p  
1 4  m m u -mi R -2 0 0 c -3 p  
1 5  m m u -mi R -3 3 1 -5 p  
1 6  m m u -mi R -1 9 6 0  
1 7  m m u -mi R -3 7 8 a -3 p  
1 8  m m u -mi R -1 8 1 a -1 -3 p  
1 9  m m u -mi R -4 8 6 a -3 p  
2 0  m m u -mi R -3 0 9 8 -3 p  
2 1  m m u -mi R -3 0 9 8 -5 p  
2 2  m m u -mi R -4 8 3 -3 p  
2 3  m m u -mi R -8 7 1 -3 p  
2 4  m m u -mi R -1 8 5 -5 p  
2 5  m m u -mi R -1 4 1 -3 p  
2 6  m m u -mi R -1 4 4 -5 p  
2 7  m m u -mi R -1 4 4 -3 p  
2 8  m m u -mi R -2 0 8 a -3 p  
2 9  m m u -mi R -2 1 9 -5 p  
3 0  m m u -mi R -1 3 3 a -5 p  
3 1  m m u -mi R -3 0 c -5 p  
3 2  m m u -mi R -1 4 5 -3 p  
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3 3  m m u -mi R -3 0 b -5 p  
3 4  m m u -mi R -1 a -3 p  
3 5  m m u -mi R -1 3 5 -5 p  
3 6  m m u -mi R -2 9 c -3 p  
3 7  m m u -mi R -3 0 e -5 p  
3 8  m m u -mi R -4 9 9 -5 p  
3 9  m m u -mi R -4 9 9 -3 p  
4 0  m m u -mi R -2 6 b -3 p  
4 1  m m u -mi R -3 0 a -3 p  
4 2  m m u -mi R -3 0 e -3 p  
4 3  m m u -mi R -4 5 5 -5 p  
4 4  m m u -mi R -3 3 8 -3 p  
4 5  m m u -mi R -9 -5 p  
4 6  m m u -mi R -2 1 2 -5 p  
4 7  m m u -mi R -1 3 4 -5 p  
4 8  m m u -mi R -4 0 9 -3 p  
4 9  m m u -mi R -1 8 4 -3 p  
5 0  m m u -mi R -1 3 2 -3 p  
5 1  m m u -mi R -2 3 b -3 p  
5 2  m m u -mi R -1 2 4 7 -3 p  
5 3  m m u -mi R -1 4 0 -3 p  
5 4  m m u -mi R -1 2 4 7 -5 p  
5 5  m m u -mi R -2 9 8 -5 p  
5 6  m m u -mi R -2 2 1 -3 p  
5 7  m m u -mi R -2 2 2 -3 p  
5 8  m m u -mi R -1 2 7 -3 p  
5 9  m m u -mi R -1 2 5 b -1 -3 p  
6 0  m m u -mi R -2 1 4 -3 p  
6 1  m m u -mi R -1 9 5 -3 p  
6 2  m m u -mi R -5 7 4 -5 p  
6 3  m m u -mi R -9 2 b -3 p  
6 4  m m u -mi R -3 2 4 -5 p  
6 5  m m u -mi R -5 0 1 -3 p  
6 6  m m u -mi R -9 9 b -5 p  
6 7  m m u -mi R -5 7 4 -3 p  
6 8  m m u -mi R -5 0 1 -5 p  
6 9  m m u -mi R -6 6 7 -3 p  
7 0  m m u -mi R -1 0 a -5 p  
7 1  m m u -mi R -1 0 b -5 p  
7 2  m m u -mi R -1 3 6 -3 p  
7 3  m m u -mi R -1 3 6 -5 p  
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7 4  m m u -mi R -1 9 5 -5 p  
7 5  m m u -mi R -1 4 0 -5 p  
7 6  m m u -mi R -1 9 9 b -5 p  
7 7  m m u -mi R -2 1 a -5 p  
7 8  m m u -mi R -3 0 1 a -3 p  
7 9  m m u -mi R -2 1 a -3 p  
8 0  m m u -mi R -2 7 b -5 p  
8 1  m m u -mi R -1 5 2 -5 p  
8 2  m m u -mi R -2 7 b -3 p  
8 3  m m u -mi R -1 4 6 b -5 p  
8 4  m m u -mi R -2 4 -3 p  
8 5  m m u -mi R -9 9 -5 p  
8 6  m m u -mi R -2 0 8 b -3 p  
8 7  m m u -mi R -4 1 1 -5 p  
8 8  m m u -mi R -1 9 9 -3 p / m m u -mi R -1 9 9 b -3 p  
8 9  m m u -mi R -9 9 -3 p  
9 0  m m u -mi R -3 4 b -5 p  
9 1  m m u -mi R -3 7 9 -5 p  
9 2  m m u -mi R -2 4 -1 -5 p  
9 3  m m u -mi R -5 8 2 -3 p  
9 4  m m u -mi R -5 8 2 -5 p  
9 5  m m u -mi R -3 2 9 -3 p  
9 6  m m u -mi R -1 5 4 -5 p  
9 7  m m u -mi R -1 0 0 -5 p  
9 8  m m u -mi R -2 2 4 -5 p  
9 9  m m u -mi R -2 1 4 -5 p  
1 0 0  m m u -mi R -1 9 9 -5 p  
1 0 1  m m u -mi R -3 4 c -5 p  
1 0 2  m m u -mi R -3 0 0 -3 p  
1 0 3  m m u -mi R -3 4 b -3 p  
1 0 4  m m u -mi R -4 1 0 -3 p  
1 0 5  m m u -mi R -4 9 7 a -5 p  
1 0 6  m m u -mi R -3 4 1 -3 p  
1 0 7  m m u -mi R -2 1 0 -3 p  
1 0 8  m m u -mi R -4 3 1 -5 p  
1 0 9  m m u -mi R -5 4 1 -5 p  
1 1 0  m m u -mi R -5 3 2 -5 p  
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C H A P T E R 3 : I d e ntifi c ati o n of P D E9 bi n di n g p art n er s i n c ar di o m y o c yt e s vi a  
c o -i m m u n o pr e ci pit ati o n 
 
 
I N T R O D U C T I O N  
 P h os p h o di est er as es ar e hi g hl y c o m p art m e nt ali z e d e n z y m es t h at ti g htl y c o ntr ol c y cli c 
n u cl e oti d e l e v els i n l o c al n a n o d o m ai ns. I n c ar di o m y o c yt es, m a n y diff er e nt 
p h os p h o di est er as e is of or ms h a v e b e e n st u di e d, wit h P D E 3 a n d P D E 4 pri m ar y a m o n g t h e m. 
O n e of t h e n o r m al f u n cti o ns of t h es e t w o P D Es is t o m ai nt ai n a gr a di e nt of c A M P fr o m t h e 
pl as m a m e m br a n e, w h er e it is pr o d u c e d b y a d e n yl yl c y cl as e, t o t h e s ar c o pl as mi c r eti c ul u m, 
w h er e it c a n i n t er a ct wit h a n d a cti v at e P K A. It h as b e e n s h o w n, h o w e v er, t h at t his s h uttlin g 
is l ost i n h e art f ail ur e d u e t o r el o c ali z ati o n of t h e P D Es a n d s u bs e q u e nt diff usi o n of c A M P 
a w a y fr o m t h e gr a di e nt, l e a di n g t o a l oss of si g n ali n g b et w e e n t h e b -a dr e n er gi c r e c e pt or a n d 
t h e s ar c o pl as mi c r eti c ul u m4 0 . Si mil arl y, o ur l a b h as s h o w n t h at P D E 5, w hi c h r e g ul at es 
c G M P, r el o c ali z es  fr o m t h e s ar c o m er e Z-dis c t o t h e c yt o pl as m i n t h e pr es e n c e of c ar di a c 
pr ess ur e -o v erl o a d, dil at e d h e art f ail ur e 7 2 , or f oll o wi n g p h ar m a c ol o gi c al or g e n eti c bl o c k a d e 
of nitri c o xi d e s y nt h as e, r es ulti n g i n a s wit c h of its n or m al c o ntr ol of nitri c o xi d e -d eri v e d 
c G M P t o t h at of n atri ur eti c p e pti d e -d eri v e d c G M P 7 1, 7 3 . P D E 9 is als o c G M P s el e cti v e, w hi ch 
as r e c e ntl y r e p ort e d 4 8, 1 4 8 , c o nf ers f u n cti o n all y diff er e nt c o ntr ol o v er c G M P a n d c o ns e q u e nt 
P K G a cti v ati o n i n t h e h e art.  I n p arti c ul ar, P D E 9 h y dr ol y z es n atri ur eti c p e pti d e d eri v e d 
c G M P, s o t h e c a p a cit y t o a cti v at e P K G u p o n its i n hi biti o n is i n d e p e n d e nt of nitri c o xi d e 
s y nt h esis. 
 P D E 5 a n d P D E 9  ar e diff e r e nt i n t he ir pr ef err e d s u bstr at e p o ol a n d l o c ali z ati o n, as 
w ell as i n t h eir c urr e nt cli ni c al a p pli c ati o ns. B ot h P D Es ar e c G M P -s p e cifi c, alt h o u g h P D E 9 
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h as a hi g h er s p e cifi cit y f or c G M P t h a n d o es P D E 5. Hi g hl y -s p e cifi c i n hi bit ors f or b ot h 
P D Es e xist, wit h P D E 5 i n hi bit o rs pri m aril y b ei n g us e d t o tr e at er e ctil e d ysf u n cti o n a n d 
p ul m o n ar y h y p ert e nsi o n. P D E 5 i n hi bit ors h a v e b e e n t est e d i n h e art f ail ur e wit h pr es er v e d 
ej e cti o n fr a cti o n i n t h e R E L A X tri al wit h n e utr al r es ults. T his o ut c o m e is h y p ot h esi z e d t o b e 
d u e t o l o w c G MP  a n d P K G a cti v ati o n wit h o ut c o n c o mit a nt i n cr e as es i n P D E 5 e x pr essi o n, 
t h er e b y li miti n g t h e i m p a ct of P D E 5 i n hi bit or tr e at m e nt. P D E 9 i n hi bit ors h a v e b e e n t est e d 
i n Al z h ei m er’s, P ar ki ns o n’s, a n d s c hi z o p hr e ni a, alt h o u g h pr e-cli ni c al a n d e arl y st a g e  cli ni c al 
tri als f or c ar di a c i n di c ati o ns ar e u n d er w a y. P D E 5 r e g ul at es N O-d eri v e d c G M P, t h o u g h it 
s wit c h es t o r e g ul ati o n of N P-d eri v e d c G M P w h e n it s hifts t o a c yt o pl as mi c l o c ali z ati o n. 
P D E 9 h as r e c e ntl y b e e n s h o w n t o s p e cifi c all y r e g ul at e N P -d eri v e d c G M P. I n 
c ar di o m y o c yt es, P D E 5 n or m all y l o c ali z es t o t h e Z -dis k, w h er e as P D E 9 l o c ali z es t o t h e T -
t u b ul ar m e m br a n e. U n d er s o m e c o n diti o ns, P D E 5 r el o c ali z es t o b e c o m e c yt o pl as mi c; 
h o w e v er, P D E 9 is n ot c urr e ntl y k n o w n t o c h a n g e l o c ali z ati o n u n d er diff eri n g c o n diti o n s. 
H o w e v er , b e y o n d t h e li mit e d c o nf o c al i m a g es a v ail a bl e i d e ntif yi n g diff er e nt l o c ali z ati o n of 
P D E 5 v ers us P D E 9 i n t h e c ar di a c m y o c yt e, n ot hi n g is k n o w n a b o ut t h e cl ust er of pr ot ei ns 
wit h w hi c h P D E 9 i nt er a cts, h o w t his diff ers fr o m P D E 5, a n d w h et h er li k e P D E 5, P D E 9 
u n d er g o es i ntr a c ell ul ar r e distri b uti o n f oll o wi n g p at h ol o gi c al str ess.  
 O n e w a y t o st u d y pr ot ei n c o m p art m e nt ali z ati o n is b y c o -i m m u n o pr e ci pit ati o n 
f oll o w e d b y m ass s p e ctr o m etr y, all o wi n g f or i d e ntifi c ati o n of P D E bi n di n g p art n ers a n d 
c o m pl e x es. T h is d o es r eq uir e h a vi n g eit h er a n e x c ell e nt a nti b o d y or a t a g g e d P D E f or hi g h 
effi ci e n c y p ull d o w n, b ut c a n b e p erf or m e d wit h r el ati v e e as e u n d er m ulti pl e c o n diti o ns (i. e. 
b as al v ers us dis e as e). O ur l a b h as pr e vi o usl y p erf or m e d t his e x p eri m e nt f or P D E 5 b y p u lli n g 
d o w n  F L A G -t a g g e d P D E 5 fr o m m y o c ar di u m d eri v e d fr o m a c ar di o m y o c yt e-s p e cifi c P D E 5 
o v er e x pr ess or m o us e. H o w e v er, as a m o us e e x pr essi n g a t a g g e d P D E 9 d o es n ot c urr e ntl y 
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e xist, a n d t h er e ar e f e w r eli a bl e a nti b o di es f or P D E 9, w e o pt e d t o t a k e t h e a p pr o a c h  of 
i ntr o du ci n g a d e n o vir us e x pr essi n g F L A G -t a g g e d P D E 9 t o is ol at e d a d ult r a b bit 
c ar di o m y o c yt es. B y usi n g t his s yst e m v ari a n c e c a n b e r e d u c e d, as m ulti pl e c o n diti o ns c a n b e 
t est e d wit hi n c ar di o m y o c yt es fr o m a si n gl e a ni m al. A d diti o n all y, r a b bit c ar di o m y o c ytes 
e x pr ess  r el ati v el y si mil ar P D Es t o t h os e f o u n d i n t h e h u m a n, m a ki n g t h e m a n i d e al m o d el 
s yst e m. I n t his e x p eri m e nt, w e ai m e d t o i d e ntif y t h e c o m p art m e nt wit hi n w hi c h P D E 9 
r esi d e d i n b ot h n or m al a n d h y p ertr o p hi c c o n diti o ns. 
 
M E T H O D S  
Pl a s mi d s a n d a d e n o vir u s:   p A d L o x -P D E 9 -F L A G w as c o nstr u ct e d b y Mi k e S as a ki. 
A d P D E 9 -F L A G a n d a d F L A G w er e g e n er at e d b y W el g e n, I n c ( W or c est er, M A).  
 
A d ult r a b bit m y o c yt e i s ol ati o n a n d i nf e cti o n:  A d ult r a b bit m y o c yt es w er e is ol at e d as 
pr e vi o usl y d es cri b e d 1 4 9 . M y o c yt es w er e i nf e ct e d wit h a d e n o vir us ( 1 0 M OI) at t h e ti m e of 
pl ati n g i n M e di u m 1 9 9 ( Si g m a). Aft er 3 -4 h o urs, m e di a w as c h a n g e d t o M e di u m 1 9 9 
c o nt ai ni n g 2 % F B S, p e ni cilli n -str e pt o m y ci n ( 1 0 0 U / m L), L-gl ut a mi n e ( 0. 1 m g / m L), cr e ati n e 
( 5 m M), t a urin e  ( 5 m M), a n d L-c ar niti n e ( 2 m M). Aft er o v er ni g ht i n c u b ati o n, c ells w er e 
sti m ul at e d wit h e n d ot h eli n-1 ( 1 0 0 n M, Si g m a) or v e hi cl e f or 2 4 h o urs i n M e di u m 1 9 9 
c o nt ai ni n g p e ni cilli n -str e pt o m y ci n, L-gl ut a mi n e ( 0. 1 m g / m L), cr e ati n e ( 5 m M), t a uri n e ( 5 
m M), a n d L -c ar niti n e ( 2 m M).  
 
I m m u n ofl u or e s c e n c e:  C ells w er e tr a ns d u c e d as d es cri b e d. Aft er 4 8 h o urs of vir al  c o nstr u ct 
e x pr essi o n, c ells w er e fi x e d i n 1 0 % f or m ali n i n P B S, p er m e a bili z e d wit h 0. 5 % s a p o ni n i n 
P B S, a n d bl o c k e d wit h 3 % B S A i n P B S. C ells w er e t h e n st ai n e d  o v er ni g ht i n 3 % B S A wit h 
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0. 5 % s a p o ni n i n P B S at 4 ° C f or F L A G  (F 1 8 0 4, Si g m a , 1: 2 0 0  or 1 4 7 9 3, C ell  Si g n ali n g, 1: 2 0 0 ) 
or S E R C A 2 A ( M A 3 9 1 9, T h er m o Fis h er, 1: 1 0 0) . C ells w er e t h e n c o u nt erst ai n e d wit h a nti -
r a b bit Al e x a 5 6 8  a n d a nti -m o us e Al e x a 4 8 8 -c o u pl e d s e c o n d a r y a nti b o d y ( T h er m o Fis h er) at a 
1: 5 0 0 dil uti o n . H ar d-m o u nt V e ct as hi el d wit h D A PI ( V e ct or L a bs) w a s us e d t o pr es er v e 
fl u or es c e n c e aft er st ai ni n g w as c o m pl et e. I m a gi n g w as p erf or m e d o n a L ei c a T C S S P E 
c o nf o c al mi cr os c o p e usi n g a 4 0 X oil -i m m ersi o n o bj e cti v e. 
 
I m m u n o pr e ci pit ati o n of F L A G -t a g g e d Pr ot ei n s: A d ult r a b bit c ar di o m y o c yt es w er e 
i nf e ct e d as d es crib e d. Aft er s a m pl es w er e c oll e ct e d, t h e y w er e s o ni c at e d t o disr u pt c ell 
m e m br a n es a n d s p u n d o w n. Pr ot ei n c o n c e ntr ati o n w as m e as ur e d usi n g t h e Pi er c e 
bi ci n c h o n i ni c a ci d ( B C A) pr ot ei n ass a y  ( T h er m o Fis h er). F or i m m u n o pr e ci pit ati o n, 1 0 0 µ L 
of F L A G M 2 m a g n eti c b e a ds ( Si g m a) w er e pr e -w as h e d t wi c e wit h T B S a n d t h e n i n c u b at e d 
wit h 4 0 0 µ g of pr ot ei n. B e a ds w er e r ot at e d wit h l ys at e o v er ni g ht at 4 ° C. F oll o wi n g 
i n c u b ati o n, b e a ds w er e w as h e d t hr e e ti m es wit h T B S. El uti o n w as p erf or m e d b y r ot ati n g t h e 
b e a ds wit h a 3 X F L A G  p e pti d e s ol uti o n t wi c e f or 3 0 mi n ut es e a c h at 4 ° C.  
 
W e st er n bl otti n g:   Aft er i m m u n o pr e ci pit ati o n w as p erf or m e d, b ot h i n p ut a n d el u at e 
s a m pl es w er e r u n u n d er re d u ci n g a n d d e n at uri n g c o n diti o ns o n pr e c ast 4 -2 0 % Mi ni -
P R O T E A N Tris -Gl y ci n e T G X g els ( Bi o -R a d). F oll o wi n g s e mi -dr y tr a nsf er t o nitr o c ell ul os e 
m e m br a n es, bl otti n g w as p erf or m e d f or P D E 9 ( c ust o m a nti b o d y, Pr o S ci I n c, 1: 1 0 0 0), 
F L A G ( F 1 8 0 4, Si g m a, 1: 1 0 0 0), or  V D A C 2 ( a b 3 7 9 8 5, A b c a m, 1: 1 0 0 0). LI -C O R s e c o n d ar y 
a nti b o di es w er e us e d f or d et e cti o n at a 1: 1 0, 0 0 0 dil uti o n, a n d m e m br a n es w er e i m a g e d o n a 
LI -C O R O d yss e y usi n g I m a g e St u di o v 5. 0 s oft w ar e. T ot al pr ot ei n st ai ni n g f or n or m ali z ati o n 
w as p erf or m e d usi n g t h e LI -C O R R E V E R T st ai ni n g kit.  
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M a s s S p e ctr o m etr y E x p eri m e nt al D e si g n:  F or F L A G c o -i m m u n o pr e ci pit ati o n st u di es, 
a d ult r a b bit c ar di o m y o c yt es w er e is ol at e d a n d c ells w er e i nf e ct e d wit h o n e of t w o vir us es: 
a d F L A G or a d P D E 9 -F L A G. Wit hi n e a c h vir us gr o u p, s a m pl es w e r e eit h er wit h E T-1 ( 1 0 0 
n M, Si g m a) or v e hi cl e, f or a t ot al of t w o s a m pl es p er vir us gr o u p. T h e e x p eri m e nt w as 
r e p e at e d wit h n = 3  r a b bits f or a t ot al of t hr e e i n d e p e n d ent e x p eri m e nts. T a n d e m m ass t a g 
l a b els w er e s h uffl e d b et w e e n s a m pl es i n diff er e nt m ultipl e x es t o mi ni mi z e p e pti d e l a b eli n g 
bi as (s e e b el o w).  
 
M a s s S p e ctr o m etr y P e pti d e Pr e p ar ati o n:  F oll o wi n g s a m pl e el uti o n fr o m F L A G m a g n eti c 
b e a ds, m et h a n ol -c hl or of or m e xtr a cti o n w as p erf or m e d f or all s a m pl es a c c or di n g t o t h e 
m et h o ds of W ess el a n d Fl u g g e 1 5 0 . Aft er e xtr a cti o n w as c o m pl et e, s am pl es w er e r es us p e n d e d 
i n 9 M ur e a c o nt ai ni n g 1 0 m M Tris-H Cl, a n d s u bs e q u e ntl y dil ut e d 1: 6 i n 6 0 m M H E P E S p H 
7. 5, a n d 0. 6 m M D T T, t o yi el d a fi n al di g esti o n b uff er c o nt ai ni n g 5 0 m M H E P E S, p H 7. 5 
1. 5 M ur e a, a n d 0. 5 m M D T T. 1 µ g of tr y psi n / L ys -C ( Pr o m e g a V 5 0 7 3) w as a d d e d t o e a c h 
s a m pl e, a n d p e pti d e di g est pr o c e e d e d o v er ni g ht at 2 5 ° C (t o r e d u c e l ysi n e c ar b a m yl ati o n) 
wit h s a m pl es s h a ki n g at 1 0 5 0 R P M. T h e n e xt d a y, a n ot h er 0. 5 µ g of tr y psi n w as a d d e d al o n g 
wit h 5 m M D T T, a n d di g est c o nti n u e d f or a n ot h er 2 h o urs . 2 0 m M i o d o a c et a mi d e w as t h e n 
a d d e d t o al k yl at e t h e s a m pl es f or 1 h o ur i n t h e d ar k. 0. 5 % v / v T F A w as a d d e d t o a ci dif y t h e 
p e pti d es, w hi c h w er e t h e n p urifi e d o n C 1 8 s pi n  c ol u m ns ( Pi er c e) a c c or di n g t o 
m a n uf a ct ur er’s i nstr u cti o ns a n d el ut e d usi n g 0. 1 % f or mi c  a ci d i n 6 0 % a c et o nitril e. Fi n all y, 
s a m pl es w er e e v a p or at e d t o dr y n ess i n a n E p p e n d orf V a c uf u g e. Distill e d d ei o ni z e d H 2 O w as 
a d d e d aft er t h e first s pi n a n d s a m pl es w er e s u bj e ct e d t o a s e c o n d r o u n d of e v a p or ati o n t o 
r e m o v e tr a c e l e v els of f or mi c a ci d a n d a cet o nitril e.  
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P e pti d e L a b eli n g a n d 2 -Di m e n si o n al Li q ui d C hr o m at o gr a p h y C o u pl e d t o T a n d e m 
M a s s S p e ctr o m etr y ( 2 D -L C -M S / M S): S a m pl es w er e t h e n r es us p e n d e d i n 
tri et h yl a m m o niu m bi c ar b o n at e p H 8. 5. P e pti d es w er e l a b el e d wit h T M T (t a n d e m m ass t a g) 
r e a g e nts ( T h er mo F is h er), wit h l a b els s h uffl e d b et w e e n s a m pl es o n diff er e nt m ulti pl e x es t o 
mi ni mi z e l a b eli n g bi as. T M T l a b eli n g w as d o n e wit h s a m pl es br o u g ht u p i n 1 0 0 µ l T E A B 
a n d l a b els br o u g ht u p i n 4 1 µ L  a n h y dr o us a c et o nitril e.  E a c h l a b el w as a d d e d t o its 
c orr es p o n di n g  sa m pl e f or 1 h o ur b ef or e b ei n g q u e n c h e d wit h 8 µ L of 5 % h y dr o x yl a mi n e 
f or 1 5 mi n ut es.  S a m pl es w er e t h e n mi x e d a n d dri e d d o w n a n d s u bs e q u e ntl y br o u g ht u p i n 2 
m L of 1 0 m M T E A B a n d i nj e ct e d o nt o a n A gil e nt L C r u n ni n g a 2. 1 x 1 0 0 m m W at ers B E H 
C 1 8  c ol u m n w ith 1. 7 µ M p arti cl es at 2 5 0 µ L / mi n ut e.   T h e first 1 2 fr a cti o ns w er e fl o w -
t hr o u g h, wit h t h e n e xt 8 4 s a m pl es c oll e ct e d o n a n 8 5-mi n ut e gr a di e nt fr o m 0 -9 0 % 
a c et o nitril e c o nt ai ni n g 1 0 m M T E A B.   T h es e 8 4 fr a cti o ns w er e c o n c at e n at e d i nt o 1 2 
fr a cti o ns f or L C-M S / M S a n al ysis.   
L C -M S / M S w as p erf or m e d o n a n  Or bitr a p F usi o n L u m os Tri bri d M ass 
S p e ctr o m et er ( T h er m o Fis h er). Li q ui d c hr o m at o gr a p h y w as p erf or m e d pri or t o M S / M S b y 
bri n gi n g s a m pl es u p i n b uff er A ( 2 % a c et o nitril e, 0. 1 % f or mi c a ci d 9 8 % d ei o ni z e d w at er), 
a n d t h e n i nj e cti n g t h e s a m pl e o nt o a tr a p pi n g c ol u m n i n b uff er A f or 5 mi n ut es at 5 µ L / mi n 
b ef or e s wit c hi n g t o t h e a n al yti c al c ol u m n ( R e pr osil C 1 8 3 µ M  p arti cl e s wit h 1 0 0 a n gstr o m 
p or e si z e, p a c k e d a p pr o xi m at el y 2 0 c m wit h 7 5 µ M  i nt er n al di a m et er f us e d sili c a Pi co F rits 
fr o m N e w O bj e cti v e ( W o b ur n, M A)) at 3 0 0 n L / mi n. T h e s ol uti o n w as t h e n s wit c h e d t o 
1 0 % b uff er B ( 9 0 % a c et o nitril e / 1 0 % d ei o ni z e d w at er a n d 0. 1 % f or m i c a ci d). T h e gr a di e nt 
t h e n w e nt fr o m 1 0 % t o 2 0 % b uff er B o v er 4 5 mi n ut es a n d t h e n t o 3 5 % at 7 7 mi n ut es 
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b ef or e j u m pi n g t o 1 0 0 % b uff er B at 8 0 mi n ut es, h ol di n g f or 2 mi n ut es, t h e n r et ur ni n g t o 2 % 
b uff er B i n a n ot h er 2 mi n ut es b ef or e t h e li q ui d c hr o m at o gr a p h y r u n e n d e d at 9 0 
mi n ut es.   T h e fr a cti o ns w er e i nj e ct e d c o ns e c uti v el y f oll o wi n g t his gr a di e nt s c h e m e.  
M S w as c o n d u ct e d wit h t h e f oll o wi n g i nstr u m e nt s etti n gs. M S 1 r es ol uti o n w as s et t o 
1 2 0, 0 0 0 wit h a t ar g et i o n c o u nt of 4 0 0, 0 0 0. T h e pr e c urs or i o n is ol ati o n wi dt h w as 0. 7 
D alt o ns. F or M S 2, r es ol uti o n w as s et t o 5 0, 0 0 0 wit h a t ar g et i o n c o u nt of 1 0 0, 0 0 0.   C oll isi o n 
e n er g y w as s et t o 3 8. E as y I C i nt er n al c ali br ati o n w as us e d o n t h e pr e c urs ors w hi c h us es t h e 
E T D i o n f or m ass c orr e cti o n o n -t h e-fl y f or M S.  
 
Pr ot ei n I d e ntifi c ati o n:  P e a k list fil es (. R A W) w er e s e ar c h e d a g ai nst a r a b bit d at a b as e of 
pr e di ct e d pr ot ei n s eq u e n c es ( N C BI R ef S e q, t a x o n o m y: Or y ct ol a g us c u ni c ul us, 2 0 1 8, F A S T A 
f or m at, 3 8 5 5 9 s e q u e n c es; R ef S e q 8 3 _ Or y ct ol a g us _ c u ni c ul us _ 1 8 0 4 1 3 _ 1.f ast a;), usi n g M as c ot 
V ersi o n: 2. 2. 0 ( M atri x S ci e n c e) i nt erf a c e d t hr o u g h Pr ot e o m e Dis c o v er er 1. 4 ( T h er m o). P e a ks 
w er e filt er e d at a si g n al t o n ois e r ati o of 1. 5, d eis ot o p e d, a n d s e ar c h e d wit h a p ar e nt i o n m ass 
t ol er a n c e of 1 0 p p m a n d a n M S 2 m ass t ol er a n c e of 0. 0 2 D a. Tr y psi n w as s p e cifi e d as t h e 
e n z y m e a n d 1 miss e d cl e a v a g e w as all o w e d. C yst ei n e c ar b a mi d o m et h yl ati o n a n d N -t ermi n al 
a mi n e l a b eli n g wit h T M T 1 0 -pl e x r e a g e nt w er e s p e cifi e d as fi x e d m o difi c ati o ns f or t h e 
d at a b as e s e ar c h. D y n a mi c m o difi c ati o ns i n cl u d e d N -p y r o gl ut a mi n e, o xi di z e d m et hi o ni n e, 
p h os p h or yl ati o n of s eri n e, t hr e o ni n e, a n d t yr osi n e, a n d T M T l a b eli n g of l ysi n e . All s e ar c h es 
w er e c o n d u ct e d wit h t h e r e v ers e d d at a b as e s e ar c h m o d e e n g a g e d. P er c ol at or s oft w ar e w as 
us e d f or p e pti d e F D R ( q -v al u e) c al c ul ati o n s. M as c ot o ut p ut fil es (. d at) t a b ul at e d w er e i n 
Pr ot e o m e Dis c o v er er. Of t h e hi g h c o nfi d e n c e p e pti d es ( q < 0. 0 1), 2 %  of u ni q u e s p e ctr a h a d 
i nt e nsiti es missi n g fr o m o n e or m or e c h a n n els, i n di c ati v e of effi ci e nt T M T l a b eli n g a n d 
 
 6 8  
fr a g m e nt ati o n. S p e ctr a f or w hi ch p e pti d e c o -is ol ati o n i nt erf er e n c e w as >5 1 % w er e o mitt e d 
fr o m a n al ysis. Pr ot ei ns i d e ntifi e d b y si n gl e s p e ctr a wer e li k e wis e o mitt e d.  
 
Pr ot ei n Q u a ntifi c ati o n b y T M T a n d St ati sti c al A n al y si s: T M T r e p ort er i o n i nt e nsiti es 
w er e i nt e gr at e d o v er 3 0 p p m usi n g t h e m ost c o nfi d e nt c e ntr oi d m et h o d a n d c orr e ct e d f or 
p urit y i n Pr ot e o m e Dis c o v er er 1. 4 ( T h er m o). Missi n g l a b el e d c h a n n el i nt e nsiti es ( < 2 % of 
s p e ctr a) w er e i n v ers el y pr o p orti o n al t o t h e u ntr a nsf or m e d m e di a n i o n i nt e nsiti es a cr oss t h e 
c h a n n els. F or i n d i vi d u al s p e ctr a f or w hi c h missi n g d at a w as < 5 0 %, t h e missi n g v al u e w as 
r e pl a c e d b y t h e m e di a n v al u e of t h e l o w est i nt e nsiti es i n e a c h c h a n n el.  F oll o wi n g missi n g 
v al u e i m p ut ati o n , th es e si g n als w er e q u a ntifi e d usi n g t h e m e di a n s w e e p al g orit h m ori gi n all y 
d e s cri b e d b y H er bri c h et al 1 5 1  ess e nti all y as i m pl e m e nt e d r e c e ntl y b y F ost er et  al 1 5 2  wit h a 
mi n or m o difi c ati o n. T M T r e p ort er  i o n i nt e nsiti es w er e 1) l o g arit h mi c all y-tr a nsf or m e d ( b as e 
2), 2) q u a ntil e -n or m ali z e d f or e a c h c h a n n el , 3) m e di a n -c e nt er e d f or  e a c h i n di vi d u al s p e ctr u m 
a cr oss c h a n n els,  4) pr ot ei n a b u n d a n c e  d et er mi n e d  b y t a ki n g t h e m e di a n v al u e of t h e 
l o g arit h mi c all y-tr a nsf or m e d m e di a n-c e nt er e d i nt e nsiti es f or all s p e ctr a b el o n gi n g t o t h at 
pr ot ei n i n a gi v e n c h a n n el , a n d fi n all y, 5) r e -c e nt er e d  f or e a c h c h a n n el b y s u btr a cti n g t h e 
m e di a n pr ot ei n a b u n d a n c e. F oll o wi n g t h e  m e di a n s w e e p, diff er e nti al pr ot ei n a b u n d a n c e 
b et w e e n e x p eri m e nt al gr o u ps w as ass ess e d b y m e a ns of a n e m piri c al B a y esi a n m et h o d, 
s p e cifi c all y, li n e ar m o d eli n g of mi cr o arr a ys ( LI M M A) 1 5 3, 1 5 4  wit h m ulti -gr o u p c o m p aris o n, as 
i m pl e m e nt e d i n O mi cs E x pl or er ( Ql u c or e, L u n d, S w e d e n). R es ulti n g p-v al u es w er e 
c orr e ct e d f or m ulti pl e c o m p aris o ns usi n g t h e f als e dis c o v er y r at e ( q -v al u e) m et h o d of 
B e nj a mi ni -H o c h b er g 1 5 5 . 
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P at h w a y s a n al y si s:   P at h w a ys a n al ysis f o r m ass s p e ctr o m etr y d at a w as p erf or m e d usi n g 
D A VI D Bi oi nf or m ati cs R es o ur c es 1 5 6 . F or D A VI D a n al ysis, K E G G p at h w a ys w er e us e d 
wit h d ef a ult a n al ysis p ar a m et ers. P at h w a ys a n al ysis w as als o p e rf or me d wit h I n g e n uit y 
P at h w a ys A n al ysis s oft w ar e ( Qi a g e n) usi n g d ef a ult p ar a m et ers.  
 
 
R E S U L T S  
P D E 9 i s e nri c h e d i n s a m pl e s o v er e x pr e s si n g P D E 9 -F L A G, s e e n b ot h b y W e st er n 
bl otti n g a n d m a s s s p e ctr o m etr y  
 Aft er r a b bit m y o c yt e l ys at es fr o m c ells tr a ns d u c e d wit h eit h er a d F L A G or a d P D E 9 -
F L A G u n d er w e nt i m m u n o pr e ci pit ati o n, b ot h i n p uts a n d el u at es w er e r u n o n S D S -P A G E 
g els t o e v al u at e t h e eff e cti v e n ess of o v er e x pr essi o n a n d p ull d o w n. R es ults s h o w t h at P D E 9 
is o ver e x pr ess e d i n i n p ut s a m pl es a n d e nri c h e d i n i m m u n o pr e ci pit at e d s a m pl es (Fi g ur e 3 .1 ). 
F urt h er m or e, w h e n m ass s p e ctr o m etr y d at a w as a n al y z e d, P D E 9 w as f o u n d t o b e 
si g nifi c a ntl y e nri c h e d i n t h e a d P D E 9 -F L A G s a m pl es as c o m p ar e d t o a d F L A G c o ntr ols, wit h 
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Fi g ur e 3. 1: P D E 9 i s e nri c h e d i n a d P D E 9- F L A G tr a n s d u c e d a d ult r a b bit 
c ar di o m y o c yt e s 
 
 
Fi g ur e 3. 1: P D E 9 i s e nri c h e d i n a d P D E 9- F L A G tr a n s d u c e d a d ult r a b bit 
c ar di o m y o c yt e s 
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A d ult r a b bit c ar di o m y o c yt es w er e tr a ns d u c e d wit h eit h er a d F L A G or a d P D E 9 -F L A G, t h e n 
sti m ul at e d with  1 0 0 n M E T -1 or v e hi cl e f or 2 4 h o urs. S a m pl es u n d er w e nt 
i m m u n o pr e ci pit ati o n f or F L A G, a n d aft er el uti o n, b ot h i n p uts a n d el u at es w er e s u bj e ct e d t o 
S D S -P A G E a n d s u bs e q u e nt W est er n bl otti n g f or F L A G a n d t ot al pr ot ei n. A) I n p ut 




















 7 2  
P D E 9 a s s o ci at e s pri m aril y wit h mit o c h o n dri al pr ot ei n s, b ut al s o s ar c o pl a s mi c 
r eti c ul u m pr ot ei n s 
 M ass s p e ctr o m etr y d at a w as a n al y z e d b y c o m p ari n g a d P D E 9 -F L A G s a m pl es t o 
a d F L A G s a m pl es (T a bl e 3 .1 ). Fr o m t his a n al ysis, 1 5 5 pr ot ei ns w er e f o u n d t o b e si g nifi c a ntl y 
e nri c h e d i n t h e P D E 9 -F L A G s a m pl es ( p < 0. 0 5). T h es e pr ot ei ns w er e t h e n s u bj e ct e d t o 
D A VI D K E G G p at h w a ys a n al ysis. T h e e nri c h e d p at h w a ys w er e pr e d o mi n a ntl y 
mit o c h o n dri al i n n at ur e, i n cl u di n g o x i d ati ve p h os p h or yl ati o n, citri c a ci d c y cl e, a n d f att y a ci d 
m et a b olis m (T a bl e 3 .2 ). T h es e fi n di n gs w er e c o nfir m e d b y I P A p at h w a ys a n al ysis as w ell 
(Fi g ur e 3 .2 ). S ar c o pl as mi c r eti c ul u m a n d s ar c o m eri c pr ot ei ns w er e als o si g nifi c a nt a m o n g 
t h e pr ot ei ns e nri c h e d wit h P D E 9, n ot e d as c al ci u m si g n ali n g a n d c ar di a c m us cl e c o ntr a cti o n 
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Fi g ur e 3. 2: I P A p at h w a y s a n al y si s of pr ot ei n s si g nifi c a ntl y e nri c h e d i n P D E 9- F L A G 
s a m pl e s s h o w s m a n y mit o c h o n dri al pr ot ei n s 
 
 
Fi g ur e 3. 2: Mit o c h o n dri al pr ot ei n s ar e e nri c h e d i n P D E 9- F L A G p ull d o w n s 
Pr ot ei ns t h at w er e si g nifi c a ntl y e nri c h e d ( p < 0. 0 5) i n a d P D E 9- F L A G m ass s p e ctr o m etr y 
s a m pl es as c o m p ar e d t o a d F L A G w er e s u bj e ct e d t o I P A p at h w a ys a n al ysis. T h e r es ulti n g 
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P D E 9 d o e s n ot r el o c ali z e f oll o wi n g E T -1 -sti m ul at e d h y p ertr o p h y  
 Aft er i niti al a n al ysis of t h e m ass s p e ctr o m etr y d at a, w e n e xt w a nt e d t o d et er mi n e 
w h et h er or n ot P D E 9 r el o c ali z es f oll o wi n g c ar di a c h y p ertr o p h y. R a b bit m y o c yt es w er e 
sti mul at e d t o h y p ertr o p h y b y a p pl yi n g 1 0 0 n M E T -1 f or 2 4 h o urs i n s er u m -fr e e m e di a. Aft er 
c o m p aris o n of a d P D E 9 -F L A G t o a d P D E 9 -F L A G + E T -1 gr o u ps, a t ot al of 9 7 pr ot ei ns w er e 
i d e ntifi e d as si g nifi c a nt. W h e n t h e 4 6 pr ot ei ns t h at w er e si g nifi c a ntl y d e cr e as e d wit h ET -1 
tr e at m e nt (T a bl e 3 .3 ) w er e s u bj e ct e d t o D A VI D p at h w a ys a n al ysis, o xi d ati v e 
p h os p h or yl ati o n a n d m et a b oli c p at h w a ys w er e i d e ntifi e d ( p v al u es of 2. 4 4 E -1 8 a n d 2. 0 6 E -9, 
r es p e cti v el y); h o w e v er, m a n y ot h er mit o c h o n dri al pr ot ei ns w er e still i d e ntifi e d i n t h e E T -1 
tr eat m e nt gr o u p. T hi s i n di c at es t h er e is li k el y n o si g nifi c a nt r el o c ali z ati o n of P D E 9 f oll o wi n g 
i n d u cti o n of h y p ertr o p h y, alt h o u g h t h er e m a y b e s o m e diss o ci ati o n fr o m o xi d ati v e 
p h os p h or yl ati o n c o m pl e x es. Of t h e 5 1 pr ot ei ns t h at w er e e nri c h e d wit h E T -1 tr e at m e nt 
(T a bl e 3 .4 ), no si g nifi c a nt p at h w a ys w er e i d e ntifi e d. All of t h es e pr ot ei ns w er e n o v el t o t h e 
P D E 9 -F L A G + E T -1 gr o u p (i. e. w er e n ot si g nifi c a nt w h e n P D E 9 -F L A G w as c o m p ar e d t o 
F L A G c o ntr ol s a m pl es).  
 
P D E 9 c ol o c ali z e s wit h S E R C A 2 a  
 R a b bit m y o c yt es w er e tr a n s d u c e d wit h a d P D E9 -F L A G a n d s u bs e q u e ntl y s u bj e ct e d 
t o i m m u n ofl u or es c e nt st ai ni n g wit h S E R C A 2 A a n d F L A G a nti b o di es. C o nf o c al i m a gi n g 
s h o w e d t h at P D E 9 c ol o c ali z es wit h S E R C A 2 A u n d er b ot h n or m al a n d E T -1 -sti m ul at e d 
c o n diti o ns (Fi g ur e 3 .3 ), v ali d ati n g th e m ass  s p e ctr o m etr y fi ndi n g. W e si mil arl y s h o w e d i n 
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Fi g ur e 3 .3: P D E 9 c ol o c ali z e s wit h S E R C A 2 a i n a d ult r a b bit c a r di o m y o c yt e s 
 
 
F i g ur e 3 .3: P D E 9 c ol o c ali z e s wit h S E R C A 2 a u n d er b a s al a n d h y p ertr o p hi c 
c o n diti o n s  
A d ult r a b bit c ar di o m y o c yt es w er e tr a ns d u c e d wit h a d F L A G or a d P D E 9 -F L A G, a n d t h e n 
tr e at e d wit h 1 0 0 n M E T-1 or v e hi cl e. C ells w er e fi x e d a n d st ai n e d f o r F L A G a nd S E R C A 2 a, 
a n d s u bj e ct e d t o c o nf o c al mi cr os c o p y. P D E 9 c ol o c ali z es wit h S E R C A 2 a u n d er b ot h 
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P D E 9 c o -i m m u n o pr e ci pit at e s wit h V D A C 2 
 V D A C 2 is a mit o c h o n dri al o ut er m e m br a n e p or e pr ot ei n t h at w as hi g hl y e nri c h e d  i n 
t h e PD E 9 -F L A G s a m pl es ( 3. 7 8 f ol d). T o v ali d at e t his fi n di n g, r a b bit m y o c yt es tr a ns d u c e d 
wit h eit h er a d P D E 9 -F L A G or a d F L A G a n d tr e at e d wit h eit h er v e hi cl e or E T -1 w er e 
s u bj e ct ed t o i m m u n o pr e ci pit ati o n f or F L A G a n d s u bs e q u e nt W est er n bl otti n g f or V D A C 2. 
B ot h a d P D E 9 -F L A G gr o u ps s h o w e d e nri c h m e nt of V D A C 2 (Fi g ur e 3 .4 ), w hi c h ali g n e d 
wit h o ur m ass s p e ctr o m etr y d at a s h o wi n g t h at V D A C 2 b o u n d t o P D E 9 u n d er b ot h b as al 
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Fi g ur e 3 .4: P D E 9 b i n d s t o V D A C 2 i n a d ult r a b bit c ar di o m y o c yt e s 
 
 
Fi g ur e 3 .4: P D E 9 bi n d s V D A C 2  u n d er b ot h b a s al a n d h y p ertr o p hi c c o n diti o n s  
A d ult r a b bit c ar di o m y o c yt es w er e tr a ns d u c e d wit h a d F L A G or a d P D E 9 -F L A G, a n d t h e n 
tr e at e d wit h eit h er v e hi cl e or 1 0 0 n M E T-1. S a m pl es w er e c oll e ct e d a n d u n d er w e nt 
i m m u n o pr e ci pit ati o n f or F L A G, f oll o w e d b y W est er n bl otti n g f or F L A G, V D A C 2, a n d t ot al 








a d F L A G
a d P D E 9 -F L A G
E T 1
P D E 9
V D A C 2
T ot al
Pr ot ei n
7 0 k D a -
3 8 k D a -
I n p ut El u at e
7 0 k D a -
3 8 k D a -
2 5 k D a -
- - + + - - + +
+ + - - + + - -
- + - + - + - +
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D I S C U S S I O N  
 T his st u d y r e pr es e nts t h e first i n -d e pt h e x pl or ati o n  of P D E 9 c o m p ar t m e nt ati o n i n 
c ar di a c m y o c yt es. I niti al st u di es fr o m o ur l a b i n di c at e d P D E 9 w as li k el y l o c ali z e d t o 
mit o c h o n dri a, w hi c h t his m ass s p e ctr o m etr y d at a s et h as c o nfir m e d. W e als o pr e vi o usl y 
s h o w e d c ol o c ali z ati o n wit h S E R C A 2 a i n m o us e a d ult m y o c y t es, w hi c h w as als o s e e n i n t his 
c o -I P d at a s et. Pr e vi o us st u di es e x a mi ni n g c G M P at mit o c h o n dri a h a v e s h o w n t h at t h er e is 
i n d e e d a mit o c h o n dri al p o ol of c G M P1 5 7 , w hi c h is r es p o nsi bl e f or a cti v ati n g c ar di o m y o c yt e 
a p o pt osis vi a r el e as e of c yt o c hr o m e C i n a mit o c h o n dri al p er m e a bilit y tr a nsiti o n-
i n d e p e n d e nt f as hi o n1 5 8 . c G M P h as als o b e e n s h o w n t o pr o m ot e A T P s y nt h esis  a n d 
mit o c h o n dri al bi o g e n esis b y s e v er al diff er e nt gr o u ps 1 5 9, 1 6 0 . H o w e v er, t h es e st u di es w er e 
p erf or m e d usi n g N O -p at h w a y t ar g eti n g r e a g e nts, s o t h e r ol e of n atri ur eti c p e pti d e -d eri v e d 
c G M P at mit o c h o n dri a is u n cl e ar. H o w e v er, i n o n e of t h es e st u di es, it w as d et er mi n e d t h at a 
p o ol of P K G w as pr es e nt at t h e mit o c h o n dri a w hi c h m e di at e d t h e a p o pt oti c eff e cts of 
c G M P i n a C a 2 +  d e p e n d e nt m a n n er 1 6 1 . It is p ossi bl e t h at P D E 9 a cts t o r e g ul at e t his p o ol of 
c G M P a n d s u bs e q u e ntl y P K G a cti vit y, t h er e b y pr e v e nti n g c ar di o m y o c yt e a p o pt osis a n d a 
s hift t o w ar ds i n cr e as e d A T P s y nt h esis a n d mit o c h o n dri al bi o g e n esis u n d er hi g h c G M P 
c o n diti o ns.  
N atri ur eti c p e pti d e pr ot e cti v e si g n ali n g  h as b e e n li n k e d t o mit o c h o n dri a i n t h e 
dis e a s e d h e art, w h er e it bl o c ks t h e mit o c h o n dri al c al ci u m u ni p ort er 1 6 2 , i n hi bits mit o c h o n dri al 
R O S pr o d u cti o n a n d s u bs e q u e nt C a 2 +  l e a k fr o m t h e S R1 6 3 , a n d pr e v e nts th e mit o c h o n dri al 
p er m e a bilit y tr a nsiti o n p or e fr o m o p e ni n g 1 6 4 .  H o w P D E 9 fits i n t o t h es e pr ot e cti v e b e n efits 
is u n k n o w n, a n d r e m ai ns t o b e d et er mi n e d.  
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T a bl e 3 .1: Pr ot ei n s si g nifi c a ntl y e nri c h e d i n a d P D E 9 -F L A G a s  c o m p ar e d t o a d F L A G 
m a s s s p e ctr o m etr y s a m pl e s.  
M ass s p e ctr o m etr y s a m pl es w er e a n al y z e d usi n g LI M M A, c o m p ari n g a d F L A G t o a d P D E 9 -
F L A G. All pr ot ei ns wit h p < 0. 0 5 ar e s h o w n.  
G e n e N a m e  Pr ot ei n N a m e  P V al u e  
R ati o P D E 9 -
F L A G / F L A G  
U Q C R 1 0  C yt o c hr o m e b -c 1 c o m pl e x s u b u nit 9  2. 0 1 E -0 5  4. 9 1  
N D U F S 3  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 
ir o n-s ulf ur pr ot ei n 3, mit o c h o n dri al  2. 3 5 E -0 5  2. 7 6  
N D U F A 5  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 1 
al p h a s u b c o m pl e x s u b u nit 5  3. 5 1 E -0 5  2. 4 0  
N D U F S 1  
N A D H -u bi q ui n o n e o xi d or e d u ct as e 7 5 
k D a s u b u nit, mit o c h o n dri al  3. 8 1 E -0 5  2. 3 3  
N D U F A 4  C yt o c hr o m e c o xi d as e s u b u nit N D U F A 4  5. 0 1 E -0 5  4. 1 0  
A T P 5 F 1 C  
A T P s y nt h as e s u b u nit g a m m a, 
mit o c h o n dri al  5. 9 4 E -0 5  3. 2 8  
U Q C R Q  C yt o c hr o m e b -c 1 c o m pl e x s u b u nit 8  6. 7 1 E -0 5  2. 8 2  
N D U F B 4  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 1 
b et a s u b c o m pl e x s u b u nit 4  6. 9 6 E -0 5  2. 1 3  
L O C 1 0 0 3 5 2 3 6 3  C yt o c hr o m e c o xi d as e s u b u nit 6 C  7. 0 3 E -0 5  2. 0 4  
N D U F A 9  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 1 
al p h a s u b c o m pl e x s u b u nit 9, 
mit o c h o n dri al  7. 3 8 E -0 5  2. 8 2  
N D U F A 6  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 1 
al p h a s u b c o m pl e x s u b u n it 6  7. 8 1 E -0 5  2. 1 5  
L O C 1 0 0 3 4 6 0 9 6  A T P s y nt h as e s u b u nit f, mit o c h o n dri al  8. 5 0 E -0 5  2. 6 3  
N D U F S 2  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 
ir o n-s ulf ur pr ot ei n 2, mit o c h o n dri al  0. 0 0 0 1 1  2. 2 4  
S L C 2 5 A 1 1  
Mit o c h o n dri al 2 -o x o gl ut ar at e / m al at e 
c arri er pr ot ei n  0. 0 0 0 1 8  3. 3 0  
M T C H 2  Mit o c h o n dri al c arri er h o m ol o g 2  0. 0 0 0 2 3  3. 3 6  
M G S T 3  Mi cr os o m al gl ut at hi o n e S -tr a nsf er as e 3 0. 0 0 0 2 4  3. 0 7  
N D U F A 7  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 1 
al p h a s u b c o m pl e x s u b u nit 7  0. 0 0 0 2 5  1. 9 1  
I M M T MI C O S c o m pl e x s u b u nit MI C 6 0  0. 0 0 0 2 8  5. 7 2  
N D U F A 1 3  
N A D H d e h y dr o g e n as e  [ u bi q ui n o n e] 1 
al p h a s u b c o m pl e x s u b u nit 1 3  0. 0 0 0 3 1  2. 0 0  
A T P 5 A 1  
A T P s y nt h as e s u b u nit al p h a, 
mit o c h o n dri al  0. 0 0 0 3 4  2. 0 5  
A T P 5 P B  
A T P s y nt h as e F( 0) c o m pl e x s u b u nit B 1, 
mit o c h o n dri al -li k e  0. 0 0 0 5 6  2. 9 0  
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S L C 2 5 A 4  A D P / A T P tr a nsl o c as e 1  0. 0 0 0 5 8  5. 4 0  
A C S L 5  l o ng -c h ai n -f att y-a ci d --C o A li g as e 5  0. 0 0 0 6 0  2. 4 1  
N D U F A 1 2  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 1 
al p h a s u b c o m pl e x s u b u nit 1 2  0. 0 0 0 6 2  2. 5 4  
P O P D C 2  P o p e y e d o m ai n -c o nt ai ni n g pr ot ei n 2  0. 0 0 0 6 4  2. 4 8  
C H C H D 3  MI C O S c o m pl e x s u b u nit MI C 1 9  0. 0 0 0 6 4  2. 7 6  
N D U F A 2  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 1 
al p h a s u b c o m pl e x s u b u nit 2  0. 0 0 0 7 3  2. 2 4  
C O X 4  
C yt o c hr o m e c o xi d as e s u b u nit 4 is of or m 
1, mit o c h o n dri al pr e c urs or  0. 0 0 0 7 3  1. 6 9  
P D E 9 A  
Hi g h affi nit y c G M P -s p e cifi c 3', 5'-c y cli c 
p h os p h o di est er as e 9 A  0. 0 0 0 8 2  3. 9 2  
V D A C 2  
V olt a g e -d e p e n d e nt  a ni o n -s el e cti v e 
c h a n n el pr ot ei n 2  0. 0 0 0 9 0  3. 7 8  
CI S D 1  
C D G S H ir o n -s ulf ur d o m ai n-c o nt ai ni n g 
pr ot ei n 1  0. 0 0 1 1 3  1. 9 3  
N D U F A 8  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 1 
al p h a s u b c o m pl e x s u b u nit 8  0. 0 0 1 1 3  1. 5 3  
N D U F V 2  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 
fl a v o prot ei n 2, mi t o c h o n dri al  0. 0 0 1 2 3  1. 8 0  
U B B  P ol y u bi q uiti n -B  0. 0 0 1 2 4  1. 6 0  
S L C 2 5 A 1 2  
C al ci u m -bi n di n g mit o c h o n dri al c arri er 
pr ot ei n Ar al ar 1  0. 0 0 1 3 2  2. 7 7  
MI C O S 1 0  MI C O S c o m pl e x s u b u nit MI C 1 0  0. 0 0 1 3 9  1. 7 8  
AI F M 1  
A p o pt osis -i n d u ci n g f a ct or 1, 
mit o c h o n dri al  0. 0 0 1 4 1  1. 6 2  
P H B  Pr o hi biti n  0. 0 0 1 4 5  1. 6 5  
N D U F A 1 0  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 1 
al p h a s u b c o m pl e x s u b u nit 1 0, 
mit o c h o n dri al  0. 0 0 1 5 2  2. 1 4  
C O X 1 5  
C yt o c hr o m e c o xi d as e ass e m bl y pr ot ei n 
C O X 1 5 h o m ol o g  0. 0 0 1 5 7  2. 0 9  
T U F M  
El o n g ati o n f a ct or T u, mit o c h o n dri al -li k e 
| el o n g ati o n f a ct or T u, mit o c h o n dri al  0. 0 0 1 6 2  1. 8 8  
A P O O L  MI C O S c o m pl e x s u b u nit MI C 2 7  0. 0 0 1 6 4  2. 1 1  
N N T  
N A D( P) tr a ns h y dr o g e n as e, 
mit o c h o n dri al  0. 0 0 1 6 8  2. 7 8  
A T P 5 H  A T P s y nt h as e s u b u nit d, mit o c h o n dri al  0. 0 0 1 7 0  1. 6 1  
M Y H 4  M y osi n h e a v y c h ai n 4  0. 0 0 1 7 6  5. 3 0  
L O C 1 0 0 3 4 3 9 8 2  
C yt o c hr o m e b -c 1 c o m pl e x s u b u nit 6, 
mit o c h o n dri al  0. 0 0 2 0 5  1. 7 1  
S T K 3 8 L  S eri n e /t hr e o ni n e -pr ot ei n ki n as e 3 8 -li k e 0. 0 0 2 1 4  2. 2 2  
M P C 2  Mit o c h o n dri al p yr u v at e c arri er 2  0. 0 0 2 2 4  2. 6 9  
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A T P 2 A 2  
S ar c o pl as mi c / e n d o pl as mi c r eti c ul u m 
c al ci u m A T P as e 2  0. 0 0 2 3 9  3. 0 0  
S A M M 5 0  
S orti n g a n d ass e m bl y m a c hi n er y 
c o m p o n e nt 5 0 h o m ol o g  0. 0 0 2 4 5  1. 9 3  
P D K 4  
P yr u v at e d e h y dr o g e n as e ki n as e, is o z y m e 
4  0. 0 0 2 4 9  2. 0 1  
A C A D M  
M e di u m -c h ai n s p e cifi c a c yl -C o A 
d e h y dr o g e n as e, mit o c h o n dri al  0. 0 0 2 5 2  1. 5 7  
C A S Q 2  C als e q u estri n -2 pr e c urs or  0. 0 0 2 6 0  2. 9 9  
P C M T 1  
Pr ot ei n -L -is o as p art at e( D-as p art at e) O -
m et h yltr a nsf er as e  0. 0 0 2 6 3  1. 4 7  
C O X 2  
C yt o c hr o m e c o xi d as e s u b u nit II 
( mit o c h o n dri o n)  0. 0 0 2 7 1  1. 8 1  
S L C 2 5 A 3  P h os p h at e c arri er pr ot ei n, mit o c h o n dri al  0. 0 0 2 7 7  3. 1 0  
M Y H 6  M y osi n h e a v y c h ai n 6  0. 0 0 2 8 8  2. 0 9  
T U B A 8  T u b uli n al p h a -8 c h ai n  0. 0 0 2 8 8  1. 5 8  
A T P 5 F 1 B  
A T P s y nt h as e s u b u nit b et a, 
mit o c h o n dri al  0. 0 0 2 9 6  1. 4 8  
H S P A 9  Str ess -7 0 pr ot ei n, mit o c h o n dri al  0. 0 0 3 0 6  1. 5 3  
M T -A T P 8  
A T P s y nt h as e F 0 s u b u nit 8 
( mit o c h o n dri o n)  0. 0 0 3 1 6  2. 1 4  
I D H 2 
Is o citr at e d e h ydr o g e n as e [ N A D P], 
mit o c h o n dri al  0. 0 0 3 6 4  1. 5 0  
F A M 2 1 0 A  Pr ot ei n F A M 2 1 0 A  0. 0 0 3 6 7  1. 9 4  
S R L  S ar c al u m e ni n pr e c urs or  0. 0 0 3 7 1  2. 2 9  
C C T 7  T -c o m pl e x pr ot ei n 1 s u b u nit et a  0. 0 0 3 9 7  2. 3 0  
P R K A R 2 A  
c A M P -d e p e n d e nt pr ot ei n ki n as e t y p e II -
al p h a r e g ul at or y s u b u nit  0. 0 0 4 1 0  1. 5 1  
M T -A T P 6  
A T P s y nt h as e F 0 s u b u nit 6, p arti al 
( mit o c h o n dri o n)  0. 0 0 4 3 7  2. 0 1  
P L N  C ar di a c p h os p h ol a m b a n  0. 0 0 4 5 5  2. 6 1  
C P T 1 B  
C ar niti n e O -p al mit o yltr a nsf er as e  1, 
m us cl e is of or m, p arti al  0. 0 0 4 6 1  2. 1 8  
P C  P yr u v at e c ar b o x yl as e, mit o c h o n dri al  0. 0 0 4 6 8  1. 7 7  
P D K 2  
P y r u v at e d e h y dr o g e n as e ki n as e, is o z y m e 
2  0. 0 0 4 7 3  1. 3 7  
M T X 2  M et a xi n -2  0. 0 0 4 7 9  1. 7 5  
C O X 7 A 1  
C yt o c hr o m e c o xi d as e s u b u nit 7 A 1, 
mit o c h o n dri al, p arti al  0. 0 0 4 9 7  2. 6 2  
B A G 2  
B A G f a mil y m ol e c ul ar c h a p er o n e 
r e g ul at or 2  0. 0 0 6 0 3  1. 7 2  
U Q C R F S 1  
C yt o c hr o m e b -c 1 c o m pl e x s u b u nit 
Ri es k e, mit o c h o n dri al  0. 0 0 6 2 1  1. 8 0  
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H S D L 2  
H y dr o x yst er oi d d e h y dr o g e n as e -li k e 
pr ot ei n 2 is of or m X 2  0. 0 0 7 3 9  2. 1 3  
F A M 1 6 2 A  Pr ot ei n F A M 1 6 2 A  0. 0 0 7 5 7  1. 6 8  
S L C 8 A 2  S o di u m / c al ci u m e x c h a n g er 2  0. 0 0 7 6 7  1. 9 9  
A T P 5 M E  A T P s y nt h as e s u b u nit e, mit o c h o n dri al  0. 0 0 7 7 2  1. 4 3  
A T P 1 A 1  
S o di u m / p ot assi u m -tr a ns p orti n g A T P as e 
s u b u nit al p h a-1  0. 0 0 7 8 5  2. 0 0  
P Y G M  Gl y c o g e n p h os p h or yl as e, m us cl e f or m  0. 0 0 8 0 8  1. 3 3  
T L N 1  T ali n -1  0. 0 0 8 3 4  1. 6 4  
M O B 2  M O B ki n as e a cti v at or 2  0. 0 0 8 3 8  1. 4 1  
H G D  H o m o g e ntis at e 1, 2 -di o x y g e n as e  0. 0 0 8 7 6  3. 2 8  
P D P 1  
P yr u v at e d e h yr o g e n as e p h os p h at as e 
c at al yti c s u b u nit 1  0. 0 0 8 8 2  1. 6 5  
U Q C R C 2  
C yt o c hr o m e b -c 1 c o m pl e x s u b u nit 2, 
mit o c h o n dri al  0. 0 0 9 0 5  1. 5 8  
S L C 2 5 A 5  A D P / A T P tr a nsl o c as e 2  0. 0 0 9 1 0  2. 5 0  
A C S L 1  L o n g -c h ai n -f att y-a ci d --C o A li g as e 1  0. 0 0 9 6 0  1. 5 9  
S L C 2 5 A 2 0  
Mit o c h o n dri al c ar niti n e / a c yl c ar niti n e 
c arri er pr ot ei n  0. 0 1 0 0 1  2. 4 0  
P F K M  
A T P -d e p e n d e nt 6 -p h os p h ofr u ct o ki n as e, 
m us cl e t y p e  0. 0 1 0 1 7  1. 5 5  
V A P A  
V esi cl e -ass o ci at e d m e m br a n e pr ot ei n -
ass o ci at e d pr ot ei n A  0. 0 1 0 2 0  1. 6 4  
M Y O M 2  M y o m esi n -2  0. 0 1 0 3 3  1. 5 4  
I D H 1 
Is o citr at e d e h y dr o g e n as e [ N A D P] 
c yt o pl as mi c  0. 0 1 0 5 2  2. 6 2  
E H H A D H  P er o xis o m al bif u n cti o n al e n z y m e  0. 0 1 0 6 3  2. 4 3  
S D H B  
S u c ci n at e d e h y dr o g e n as e [ u bi q ui n o n e] 
ir o n-s ulf ur s u b u nit, mit o c h o n dri al  0. 0 1 1 0 1  1. 6 0  
C O X 1 4  
C yt o c hr o m e c o xi d as e ass e m bl y pr ot ei n 
C O X 1 4  0. 0 1 1 1 5  1. 6 6  
NI P S N A P 2  Pr ot ei n Ni p S n a p h o m ol o g 2  0. 0 1 1 4 4  1. 4 2  
C O Q 8 A  At y pi c al ki n as e A D C K 3, mit o c h o n dri al  0. 0 1 1 7 5  1. 5 5  
B D H 1  
D -b et a -h y dr o x y b ut yr at e d e h y dr o g e n as e, 
mit o c h o n dri al  0. 0 1 2 1 3  2. 1 6  
N D U F V 3  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 
fl a v o pr ot ei n 3, mit o c h o n dri al  0. 0 1 3 1 9  2. 1 2  
EI F 4 A 1  E u k ar y oti c i niti ati o n f a ct or 4 A -I 0. 0 1 3 3 1  2. 0 4  
M T F P 1  Mit o c h o n dri al fissi o n pr o c ess pr ot ei n 1  0. 0 1 3 4 3  1. 8 2  
N D R G 2  Pr ot ei n N D R G 2  0. 0 1 4 4 7  1. 6 4  
L O C 1 0 0 3 5 3 8 4 6   Al p h a -2 -m a cr o gl o b uli n  0. 0 1 4 7 0  2. 2 9  
A K T 2  
R A C -b et a s eri n e /t h r e o ni n e-pr o t ei n 
ki n as e  0. 0 1 5 6 1  1. 7 3  
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A K 3  
G T P: A M P  p h os p h otr a nsf er as e A K 3, 
mit o c h o n dri al  0. 0 1 5 7 0  1. 3 9  
A C A A 2  3 -k et o a c yl -C o A t hi ol as e, mit o c h o n dri al  0. 0 1 5 8 8  1. 3 1  
A L D H 5 A 1  
M et h yl m al o n at e -s e mi al d e h y d e 
d e h y dr o g e n as e [ a c yl ati n g], mit o c h o n dri al  0. 0 1 6 9 4  1. 3 8  
V D A C 1  
V olt a g e -d e p e n d e nt a ni o n -s el e cti v e 
c h a n n el pr ot ei n 1  0. 0 1 7 5 2  1. 7 6  
O P A 1  
D y n a mi n -li k e 1 2 0 k D a pr ot ei n, 
mit o c h o n dri al  0. 0 1 7 8 2  1. 5 5  
T RI M 7 2  Tri p artit e m otif -c o nt ai ni n g pr ot ei n 7 2  0. 0 1 8 3 3  1. 2 8  
L O C 1 0 0 3 5 3 3 2 0  
C yt o c hr o m e c o xi d as e s u b u nit 7 B, 
mit o c h o n dri al  0 . 0 1 8 4 7 1. 9 8  
P P A 2  
I n or g a ni c p yr o p h os p h at as e 2, 
mit o c h o n dri al  0. 0 1 8 6 5  1. 5 4  
N D U F A B 1  A c yl c arri er pr ot ei n, mit o c h o n dri al  0. 0 1 8 9 3  1. 3 4  
H O G A 1  
4 -h y dr o x y -2 -o x o gl ut ar at e al d ol as e, 
mit o c h o n dri al  0. 0 2 0 0 9  2. 1 4  
C L T C  Cl at hri n h e a v y c h ai n 1  0. 0 2 0 7 9  2. 1 1  
A T P 5 M P L  6. 8  k D a mit o c h o n dri al pr ot e oli pi d  0. 0 2 1 0 1  1. 4 8  
S U C L A 2  
S u c ci n yl -C o A li g as e [ A D P -f or mi n g] 
s u b u nit b et a, mit o c h o n dri al  0. 0 2 1 2 3  1. 5 1  
P A B P C 1  P ol y a d e n yl at e -bi n di n g pr ot ei n 1  0. 0 2 1 9 6  2. 7 5  
P H B 2  Pr o hi biti n -2  0. 0 2 2 0 1  1. 5 3  
L N P E P  L e u c yl -c ysti n yl a mi n o p e pti d as e  0 . 0 2 2 1 3 2. 0 2  
B V E S  Bl o o d v ess el e pi c ar di al s u bst a n c e  0. 0 2 3 8 5  2. 1 2  
A L D H 4 A 1  
D elt a -1 -p yrr oli n e -5 -c ar b o x yl at e 
d e h y dr o g e n as e, mit o c h o n dri al  0. 0 2 4 2 2  1. 4 3  
C O X 5 A  
C yt o c hr o m e c o xi d as e s u b u nit 5 A, 
mit o c h o n dri al  0. 0 2 4 2 4  1. 4 7  
R P L 4  6 0 S ri b os o m al pr ot ei n L 4  0. 0 2 4 3 8  1. 4 7  
C O X 6 A 2  
C yt o c hr o m e c o xi d as e s u b u nit 6 A 2, 
mit o c h o n dri al  0. 0 2 5 2 1  1. 6 0  
P P M 1 B  Pr ot ei n p h os p h at as e 1 B  0. 0 2 5 7 0  1. 4 1  
TI M M 5 0  
Mit o c h o n dri al i m p ort i n n er m e m br a n e 
tr a nsl o c as e s u b u nit TI M 5 0  0. 0 2 7 7 5  1. 5 1  
F B P 1  Fr u ct os e -1, 6 -bis p h os p h at as e 1  0. 0 2 8 0 9  2. 0 7  
N D U F S 6  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 
ir o n-s ulf ur pr ot ei n 6, mit o c h o n dri al  0. 0 2 9 0 9  1. 4 9  
A C O X 1  P er o xis o m al a c yl -c o e n z y m e A o xi d as e 1  0. 0 2 9 4 6  1. 8 5  
P C K 1  
P h os p h o e n ol p yr u v at e c ar b o x y ki n as e, 
c yt os oli c [ G T P]  0. 0 3 0 6 3  2. 0 3  
I D H 3 B 
Is o citr at e d e h y dr o g e n as e [ N A D]  s u b u nit 
b e t a, mit o c h o n dri al 0. 0 3 1 4 9  1. 4 2  
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A T A D 1  
A T P as e f a mil y A A A d o m ai n -c o nt ai ni n g 
pr ot ei n 1  0. 0 3 1 8 9  1. 4 1  
R H O T 1  Mit o c h o n dri al R h o G T P as e 1  0. 0 3 2 2 8  1. 4 1  
M Y B P C 3  M y osi n -bi n di n g pr ot ei n C, c ar di a c -t y p e  0. 0 3 3 4 2  1. 7 8  
V D A C 3  
V olt a g e -d e p e n d e nt a ni o n -s el e cti ve 
c h a n n el p r ot ei n 3  0. 0 3 4 7 7  1. 9 2  
A F G 3 L 2  A F G 3 -li k e pr ot ei n 2  0. 0 3 4 8 5  1. 4 9  
HI S T 1 H 2 A A  Hist o n e H 2 A t y p e 1 -A  0. 0 3 5 0 9  2. 0 4  
S L C 2 5 A 1 0  Mit o c h o n dri al di c ar b o x yl at e c arri er  0. 0 3 5 1 3  1. 4 3  
A T P 6 V 1 E 1  V -t y p e pr ot o n A T P as e s u b u nit E 1  0. 0 3 5 3 9  1. 5 3  
C O X 7 A 2 L  
C yt o c hr o m e c o xi d as e s u b u nit 7 A -
r el at e d pr ot ei n, mit o c h o n dri al  0. 0 3 5 6 5  1. 6 7  
B C K D H A  
2 -o x ois o v al er at e d e h y dr o g e n as e s u b u nit 
al p h a, mit o c h o n dri al  0. 0 3 6 0 7  1. 3 6  
D T N A  D ystr o br e vi n al p h a  0. 0 3 8 9 3  1. 5 5  
P D K 1  
P yr u v at e d e h y dr o g e n as e ( a c et yl -
tr a nsf erri n g) ki n as e is o z y m e 1, 
mit o c h o n d ri al  0. 0 4 2 7 7  1. 4 0  
R P N 1  
D oli c h yl -di p h os p h o oli g os a c c h ari d e --
pr ot ei n gl y c os yltr a nsf er as e s u b u nit 1  0. 0 4 3 4 1  1. 3 6  
R R A S 2  R as -r el at e d pr ot ei n R-R as 2  0. 0 4 5 6 8  1. 3 8  
R B M 1 0  R N A -bi n di n g pr ot ei n 1 0 is of or m X 4  0. 0 4 6 4 7  1. 3 4  
A L D O B  Fr u ct os e -bis p h os p h at e a l d ol as e B  0. 0 4 6 7 8  1. 4 3  
H A D H B  
Trif u n cti o n al e n z y m e s u b u nit b et a, 
mit o c h o n dri al  0. 0 4 6 7 8  1. 3 4  
L P P  Li p o m a -pr ef err e d p art n er  0. 0 4 6 9 4  1. 5 2  
S L C 2 5 A 1 3  
C al ci u m -bi n di n g mit o c h o n dri al c arri er 
pr ot ei n Ar al ar 2  0. 0 4 7 4 0  1. 8 1  
M Y O M 1  M y o m esi n -1  0. 0 4 7 6 8  1. 4 4  
R P S 4 X  4 0 S ri b os o m al  pr ot ei n S 4, X is of or m  0. 0 4 7 7 4  2. 1 9  
T G M 2  
Pr ot ei n -gl ut a mi n e g a m m a -
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T a bl e 3 .2: D A V I D p at h w a y s a n al y si s of pr ot ei n s si g nifi c a ntl y e nri c h e d i n a d P D E 9 -
F L A G s a m pl e s.  
Pr ot ei ns si g nifi c a ntl y e nri c h e d i n a d P D E 9 -F L A G s a m pl es as c o m p ar e d t o a d F L A G s a m pl es 
(s e e T a bl e 1) u n d er w e nt p at h w a ys a n al ysis usi n g t h e D A VI D d at a b as e. All p at h w a ys wit h 
p < 0. 0 5 ar e s h o w n.  
K E G G P at h w a y  P V al u e  G e n e s  F ol d 
E nri c h m e nt  
O xi d ati v e 
p h os p h or yl ati o n  
1. 1 8 E -2 6  N D U F B 4, N D U F A B 1, L O C 1 0 0 3 5 2 3 6 3, 
L O C 1 0 0 3 5 3 3 2 0, U Q C R Q, N D U F S 6, 
L O C 1 0 0 3 4 3 9 8 2, N D U F S 3, A T P 5 H, 
N D U F S 2, N D U F S 1, N D U F A 4, 
N D U F A 5, N D U F A 2, N D U F A 8, 
N D U F A 9, N D U F A 6, N D U F A 7, 
N D U F A 1 3, N D U F A 1 0, L O C 1 0 0 3 4 6 0 9 6, 
N D U F A 1 2, P P A 2, S D H B, C O X 2, 
A T P 6 V 1 E 1, N D U F V 2, A T P 5 A 1  
1 7. 0 7  
M et a b oli c 
p at h w a ys  
1. 2 9 E -1 8  A C O X 1, E H H A D H, N D U F A B 1, 
L O C 1 0 0 3 5 2 3 6 3, U Q C R Q, 
L O C 1 0 0 3 5 3 3 2 0, N D U F S 6, R P N 1, 
S U C L A 2, N D U F S 3, N D U F S 2, A T P 5 H, 
N D U F S 1, A C A A 2, A C A D M, A L D H 5 A 1, 
F B P 1, N D U F A 1 3, P F K M, N D U F A 1 0, 
N D U F A 1 2, L O C 1 0 0 3 4 6 0 9 6, N N T, 
N D U F B 4, A L D O B, H A D H B, 
L O C 1 0 0 3 4 3 9 8 2, A C S L 1, I D H 2, 
A L D H 4 A 1, I D H 1, B D H 1, A C S L 5, 
N D U F A 4, B C K D H A, N D U F A 5, 
N D U F A 2, N D U F A 8, N D U F A 9, 
N D U F A 6, H O G A 1, N D U F A 7, H G D, 
I D H 3 B, P C K 1, S D H B, P Y G M, C O X 2, 
A T P 6 V 1 E 1, N D U F V 2, A T P 5 A 1, P C  
3. 4 5  
Bi os y nt h esis of 
a nti bi oti cs  
3. 2 8 E -0 7  B C K D H A, A C A A 2, A C A D M, 
E H H A D H, A L D O B, F B P 1, A K 3, 
I D H 3 B, P F K M, P C K 1, H A D H B, S D H B,  
I D H 2, I D H 1, S U C L A 2 
5. 5 4  
C ar b o n 
m et a b olis m  
8. 0 7 E -0 7  A C O X 1, A C A A 2, C P T 1 B, A C A D M, 
A C S L 1, E H H A D H, H A D H B, A C S L 5  
1 4. 8 5  
F att y a ci d 
d e gr a d ati o n  
1. 2 1 E -0 6  S D H B, A C A D M, E H H A D H, A L D O B, 
I D H 2, F B P 1, I D H 3 B, I D H 1, P F K M, 
S U C L A 2, P C  
7. 7 0  
F att y a ci d 
m et a b olis m  
3. 1 8 E -0 6  A C O X 1, A C A A 2, C P T 1 B, A C A D M, 
A C S L 1, E H H A D H, H A D H B, A C S L 5  
1 2. 2 0  
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Citr at e c y cl e 
( T C A c y cl e) 
4. 8 4 E -0 6  S D H B, I D H 2, I D H 3 B, I D H 1, S U C L A 2, 
P C, P C K 1  
1 5. 3 2  
C ar di a c m us cl e 
c o ntr a cti o n  
1. 7 1 E -0 4  A C O X 1, C P T 1 B, A C A D M, A C S L 1, 
E H H A D H, P C K 1, A C S L 5  
8. 3 0  
P P A R si g n ali n g 
p at h w a y  
3. 0 5 E -0 4  L O C 1 0 0 3 4 3 9 8 2, C O X 2, A T P 1 A 1, M Y H 6, 
L O C 1 0 0 3 5 2 3 6 3, L O C 1 0 0 3 5 3 3 2 0, 
U Q C R Q  
7. 4 7  
c G M P -P K G 
si g n ali n g p at h w a y 
6. 0 8 E -0 4  A T P 2 A 2, S L C 2 5 A 4, S L C 2 5 A 5, P L N, 
A T P 1 A 1, V D A C 2, V D A C 3, V D A C 1, 
A K T 2  
4. 6 6  
Bi os y nt h esis of 
a mi n o a ci ds  
0. 0 0 1 5  A L D O B, I D H 2, I D H 3 B, I D H 1, P F K M, 
P C  
7. 0 2  
P er o xis o m e  0. 0 0 4 1  A C O X 1, A C S L 1, E H H A D H, I D H 2, 
I D H 1, A C S L 5 
5. 5 7  
V ali n e, l e u ci n e 
a n d is ol e u ci n e 
d e gr a d ati o n  
0. 0 0 4 4  B C K D H A, A C A A 2, A C A D M, 
E H H A D H, H A D H B  
7. 3 6  
A di p o c yt o ki n e 
si g n ali n g p at h w a y 
0. 0 0 7 4  C P T 1 B, A C S L 1, A K T 2, P C K 1, A C S L 5  6. 3 7  
2 -O x o c ar b o x yli c 
a ci d m et a b olis m  
0. 0 1 6 1  I D H 2, I D H 3 B, I D H 1 1 5. 0 7  
C al ci u m si g n ali n g 
p at h w a y  
0. 0 1 7 7  A T P 2 A 2, S L C 2 5 A 4, S L C 2 5 A 5, P L N, 
V D A C 2, V D A C 3, V D A C 1  
3. 3 2  
Gl y c ol ysis / 
Gl u c o n e o g e n esis  
0. 0 4 5 4  A L D O B, F B P 1, P F K M, P C K 1  4. 9 5  
Pr o p a n o at e 
m et a b olis m  
0. 0 4 6 7  A L D H 5 A 1, E H H A D H, B D H 1  8. 5 4  
B ut a n o at e 
m et a b olis m  
0. 0 4 6 7  A C A D M, E H H A D H, S U C L A 2  8. 5 4  
P e nt os e 
p h os p h at e 
p at h w a y  
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T a bl e 3 .3: Pr ot ei n s si g nifi c a ntl y l e s s a s s o ci at e d wit h P D E 9 f oll o wi n g E T -1 tr e at m e nt.  
a d P D E 9 -F L A G s a m pl es w er e  c o m p ar e d t o a d P D E 9 -F L A G + E T -1 s a m pl es usi n g LI M M A. 
All pr ot ei ns wit h p < 0. 0 5 a n d a r ati o f or P D E 9 + E T -1 t o P D E 9 l ess t h a n 1 ar e s h o w n.  
G e n e N a m e  Pr o t ei n N a m e P V al u e  
R ati o 
P D E 9 + E T 1 / P D E 9  
N D U F B 4  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 
1 b et a s u b c o m pl e x s u b u nit 4  0. 0 0 1 1  0. 6 0  
N D U F A 7  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 
1 al p h a s u b c o m pl e x s u b u nit 7  0. 0 0 1 8  0. 6 3  
C O X 6 C  C yt o c hr o m e c o xi d as e s u b u nit 6 C  0. 0 0 2 4  0. 5 1  
N D U F S 2  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 
ir o n-s ulf ur pr ot ei n 2, mit o c h o n dri al  0. 0 0 2 8  0. 6 2  
N D U F S 3  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 
ir o n-s ulf ur pr ot ei n 3, mit o c h o n dri al  0. 0 0 4 3  0. 5 7  
N D U F A 1 3  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 
1 al p h a s u b c o m pl e x s u b u nit 1 3  0. 0 0 5 6  0. 6 2  
C O X 1 4  
C yt o c hr o m e c o xi d as e ass e m bl y 
pr ot ei n C O X 1 4  0. 0 0 6 2  0. 5 7  
A T P 5 M F  
A T P s y nt h as e s u b u nit f, 
mit o c h o n d ri al  0. 0 0 7 3  0. 5 8  
M G S T 3  
Mi cr os o m al gl ut at hi o n e S -tr a nsf er as e 
3  0. 0 0 8 9  0. 4 9  
N D U F S 4  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 
ir o n-s ulf ur pr ot ei n 4, mit o c h o n dri al  0. 0 0 9 0  0. 6 1  
N D U F A 8  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 
1 al p h a s u b c o m pl e x s u b u nit 8  0. 0 0 9 5  0. 5 5  
N D U F A 6  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 
1 al p h a s u b c o m pl e x s u b u nit 6  0. 0 1 3 7  0. 6 4  
M T C H 2  Mit o c h o n dri al c arri er h o m ol o g 2  0. 0 1 6 0  0. 4 0  
S L C 2 5 A 1 1  
Mit o c h o n dri al 2 -o x o gl ut ar at e / m al at e 
c arri er pr ot ei n  0. 0 1 6 0  0. 5 2  
N D U F A 9  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 
1 al p h a s u b c o m p l e x s u b u nit 9, 
mit o c h o n dri al  0. 0 1 6 9  0. 5 2  
I D H 2 
Is o citr at e d e h y dr o g e n as e [ N A D P], 
mit o c h o n dri al  0. 0 2 0 2  0. 7 4  
C B R 4  C ar b o n yl r e d u ct as e f a mil y m e m b er 4  0. 0 2 0 6  0. 6 5  
N D U F A 1 2  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 
1 al p h a s u b c o m pl e x s u b u nit 1 2  0. 0 2 1 4  0. 5 7  
U Q C R 1 0  C yt o c hr o m e b -c 1 c o m pl e x s u b u nit 9  0. 0 2 2 2  0. 3 5  
A C S L 5  L o n g -c h ai n -f att y-a ci d --C o A li g as e 5  0. 0 2 3 9  0. 5 6  
A T P 5 P B  
A T P s y nt h as e F( 0) c o m pl e x s u b u nit 
B 1, mit o c h o n dri al -li k e  0. 0 2 4 0  0. 4 7  
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M P C 2  Mit o c h o n dri al p yr u v at e c arri er 2  0. 0 2 4 3  0. 4 8  
N D R G 2  Pr ot ei n N D R G 2  0. 0 2 5 4  0. 6 8  
C O X 7 A 2  
C yt o c hr o m e c o xi d as e s u b u nit 7 A 2, 
mit o c h o n dri al  0. 0 2 6 1  0. 6 3  
M T -A T P 8  
A T P s y nt h as e F 0 s u b u nit 8 
( mit o c h o n dri o n)  0. 0 2 8 7  0. 6 2  
T U F M  El o n g ati o n f a ct or T u, mit o c h o n dri al  0. 0 2 9 2  0. 7 0  
N D U F A 5  
N A D H d e h y dr o g e n as e [ u bi q ui n o n e] 
1 al p h a s u b c o m pl e x s u b u nit 5  0. 0 2 9 9  0. 6 2  
P D K 4  
P yr u v at e d e h y dr o g e n as e ki n as e, 
is o z y m e 4  0. 0 3 0 0  0. 7 0  
G T F 3 C 4  
G e n er al tr a ns cri pti o n f a ct or 3 C 
p ol y p e pti d e 4  0. 0 3 0 0  0. 5 9  
C O X 2  
C yt o c hr o m e c o xi d as e s u b u nit II 
( mit o c h o n dri o n)  0. 0 3 1 4  0. 7 1  
U B B  P ol y u bi q uiti n -B  0. 0 3 2 4  0. 6 8  
P H B  Pr o hi biti n  0. 0 3 3 2  0. 7 4  
C O X 5 A  
C yt o c hr o m e c o xi d as e s u b u nit 5 A, 
mit o c h o n dri al  0. 0 3 3 9  0. 6 6  
U Q C R F S 1  
C yt o c hr o m e b -c 1 c o m pl e x s u b u nit 
Ri es k e, mit o c h o n dri al  0. 0 3 5 3  0. 7 3  
S A M M 5 0  
S orti n g a n d ass e m bl y m a c hi n er y 
c o m p o n e nt 5 0 h o m ol o g  0. 0 3 6 5  0. 6 9  
MI C O S 1 0  MI C O S c o m p l e x s u b u nit MI C 1 0  0. 0 3 7 6  0. 6 4  
A T P 5 F 1 C  
A T P s y nt h as e s u b u nit g a m m a, 
mit o c h o n dri al  0. 0 3 7 6  0. 5 0  
C O X 7 A 1  
C yt o c hr o m e c o xi d as e s u b u nit 7 A 1, 
mit o c h o n dri al  0. 0 3 9 0  0. 4 7  
C O X 7 B  
C yt o c hr o m e c o xi d as e s u b u nit 7 B, 
mit o c h o n dri al  0. 0 3 9 4  0. 3 9  
R A N  G T P -bi n di n g n u cl e ar pr ot ei n R a n  0. 0 4 1 0  0. 7 1  
F A M 1 6 2 A  Pr ot ei n F A M 1 6 2 A  0. 0 4 3 3  0. 7 1  
C O X 6 A 2  
C yt o c hr o m e c o xi d as e s u b u nit 6 A 2, 
mit o c h o n dri al  0. 0 4 3 5  0. 3 4  
A P O O L  MI C O S c o m pl e x s u b u nit MI C 2 7  0. 0 4 6 1  0. 6 4  
U Q C R Q  C yt o c hr o m e b -c 1 c o m pl e x s u b u nit 8  0. 0 4 6 8  0. 5 4  
C O X 4  
C yt o c hr o m e c o xi d as e s u b u nit 4 
is of or m 1, mit o c h o n dri al pr e c urs or  0. 0 4 8 2  0. 7 2  
A T A D 1  
A T P as e f a mil y A A A d o m ai n -
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T a bl e 3 .4:  Pr ot ei n s si g nifi c a ntl y m or e  a s s o ci at e d wit h P D E 9 f oll o wi n g E T -1 
tr e at m e nt. 
a d P D E 9 -F L A G s a m pl es w er e c o m p ar e d t o a d P D E 9 -F L A G + E T -1 s a m pl es usi n g LI M M A. 
All pr ot ei ns wit h p < 0. 0 5 a n d a r ati o f or P D E 9 + E T -1 t o P D E 9 gr e at er t h a n 1 ar e s h o w n.  
G e n e N a m e  Pr ot ei n N a m e  P V al u e  
R ati o 
P D E 9 + E T 1 / P D E 9  
K R T 5  
K er ati n, t y p e II c yt os k el et al 5  
is of or m X 2 0. 0 0 0 5  2. 9 3  
N C C R P 1  F -b o x o nl y pr ot ei n 5 0  0. 0 0 1 3  3. 7 5  
K R T 1 6  K er ati n, t y p e I c yt os k el et al 1 6  0. 0 0 2 0  2. 3 1  
A K R 7 A 3  
Afl at o xi n B 1 al d e h y d e r e d u ct as e 
m e m b er 3  0. 0 0 4 2  1. 9 7  
K L H L 4 1  K el c h -li k e pr ot ei n 4 1  0. 0 0 4 5  1. 6 5  
C L U  Cl ust eri n pr e c urs or  0. 0 0 5 7  1. 9 8  
NI D 1  Ni d o g e n -1  0. 0 0 8 3  1. 3 7  
S 1 0 0 A 1 4  Pr o t ei n S 1 0 0-A 1 4  0. 0 0 8 7  2. 0 1  
C A P Z A 1  
F -a cti n -c a p pi n g pr ot ei n s u b u nit 
al p h a -1  0. 0 1 0 2  2. 3 5  
A N X A 1  A n n e xi n A 1  0. 0 1 0 3  1. 6 7  
H S P B 7  H e at s h o c k pr ot ei n b et a -7  0. 0 1 0 9  1. 3 4  
A C O T 1 3  A c yl -c o e n z y m e A t hi o est er as e 1 3  0. 0 1 1 6  1. 7 8  
K R T 7 1  K er ati n, t y p e II c yt os k el et al 7 1  0. 0 1 1 8  2. 1 7  
A A S S  
Al p h a -a mi n o a di pi c s e mi al d e h y d e 
s y nt h as e, mit o c h o n dri al 0. 0 1 2 3  1. 3 3  
I D E I ns uli n-d e gr a di n g e n z y m e  0. 0 1 2 7  1. 7 8  
C H R D L 2  C h or di n -li k e pr ot ei n 2 0. 0 1 2 8  8. 8 3  
XI R P 1  
Xi n a cti n -bi n di n g r e p e at -c o nt ai ni n g 
pr ot ei n 1  0. 0 1 3 4  1. 6 2  
K R T 5  
K er ati n, t y p e  II c yt os k el etal 5 
is of or m X 1 0. 0 1 3 9  1. 6 1  
K R T 1 4  K er ati n, t y p e I c yt os k el et al 1 4  0. 0 1 4 3  1. 8 1  
A N K R D 3 3  
A n k yri n r e p e at d o m ai n -c o nt ai ni n g 
pr ot ei n 3 3  0. 0 1 7 4  1. 7 8  
K R T 8 0  K er ati n, t y p e II c yt os k el et al 8 0  0. 0 1 8 3  1. 5 3  
M A P 4  Mi cr ot u b ul e -ass o ci at e d pr ot ei n 4  0. 0 1 8 4  1. 5 4  
K R T 1 7  K er ati n, t y p e I c yt os k el et al 1 7  0. 0 1 9 3  2. 2 8  
A A M D C  Mt h 9 3 8 d o m ai n -c o nt ai ni n g pr ot ei n  0. 0 1 9 6  1. 4 0  
C H M P 5  
C h ar g e d m ulti v esi c ul ar b o d y pr ot ei n 
5  0. 0 1 9 7  1. 7 4  
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O B S C N  O bs c uri n  0. 0 2 2 7  1. 5 2  
P P P 2 C A  
S eri n e /t hr e o ni n e -pr ot ei n 
p h os p h at as e 2 A c at al yti c s u b u nit 
al p h a is of or m  0. 0 2 3 1  1. 7 7  
K R T 1  K er ati n, t y p e II c yt os k el et al 1  0. 0 2 3 9  1. 5 2  
K R T 1 3  K er ati n, t y p e I c yt os k el et al 1 3  0. 0 2 3 9  1. 8 1  
K A R S  L ysi n e --t R N A li g as e 0. 0 2 4 1  1. 3 2  
P A C SI N 3  
Pr ot ei n ki n as e C a n d c as ei n ki n as e 
s u bstr at e i n n e ur o ns pr ot ei n 3 0. 0 2 7 6  1. 4 9  
G S N  G els oli n  0. 0 2 7 9  2. 3 0  
N R A P  N e b uli n -r el at e d-a n c h ori n g pr ot ei n  0. 0 2 9 4  1. 6 5  
P R S S 2  Tr y psi n -2  0. 0 3 3 5  1. 8 9  
E Z R  E zri n  0. 0 3 4 4  1. 2 4  
EI F 3 H  
E u k ar y oti c tr a nsl ati o n i niti ati o n 
f a ct or 3 s u b u nit H  0. 0 3 5 5  1. 4 5  
P G E R 1  Pr ost a gl a n di n -E( 2) 9 -r e d u ct as e-li k e  0. 0 3 6 0  1. 3 1  
Y W H A E  1 4 -3 -3 pr ot ei n e psil o n  0. 0 3 7 3  1. 4 5  
F A B P 5  F att y a ci d -bi n di n g pr ot ei n, e pi d er m al  0. 0 3 7 6  1. 4 4  
E N O 2  G a m m a -e n ol as e  0. 0 3 8 6  2. 1 3  
GI M D 1  
G T P as e I M A P f a mil y m e m b er 
GI M D 1  0. 0 3 9 7  1. 7 4  
S E R PI N B 1 2  S er pi n B 1 2  0. 0 4 1 3  1. 8 2  
A M Y 2 A  P a n cr e ati c al p h a -a m yl as e  0. 0 4 3 7  1. 7 0  
M A P 1 B  Mi cr ot u b ul e -ass o ci at e d pr ot ei n 1 B  0. 0 4 4 1  1. 2 3  
A R G 1  Ar gi n as e -1  0. 0 4 4 4  1. 4 6  
EI F 4 H  
E u k ar y oti c tr a nsl ati o n i niti ati o n 
f a ct or 4 H  0. 0 4 6 0  1. 2 2  
L T B P 1  
L at e nt -tr a nsf or mi n g gr o wt h f a ct or 
b et a -bi n di n g pr ot ei n 1  0. 0 4 6 2  1. 6 0  
S P R R 1 A  C o r nifi n al p h a-li k e  0. 0 4 6 8  1. 7 9  
S E R PI N A 1 2  S er pi n A 1 2  0. 0 4 8 6  1. 6 2  
S Y N C RI P  
H et er o g e n e o us n u cl e ar 
ri b o n u cl e o pr ot ei n Q 0. 0 4 8 6  1. 4 7  
S N R P A  
U 1 s m all n u cl e ar ri b o n u cl e o pr ot ei n 
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C H A P T E R 4 : G e n er ati o n a n d t e sti n g of n o v el m ol e c ul ar t o ol s t o stu d y P D E 5 a n d 
P D E 9 c o m p art m e nt ati o n  
 
 
I N T R O D U C T I O N  
T o d at e, f e w st u di es h a v e b e e n p erf or m e d e x a mi ni n g t h e pr e cis e c ell ul ar 
c o m p art m e nts wit hi n w hi c h P D E 5 a n d P D E 9 r esi d e i n c ar di a c m y o c yt es. T his is li k el y d u e 
i n p art t o a l a c k of pri or m ol e c ul ar t o ols wit h w hi c h t o i d e n tif y t h es e s m all, c o m pl e x 
d o m ai ns wi t hi n t h e c ell. A pr e vi o us st u d y wit hi n t h e K ass l a b (M a nli n g Z h a n g, u n p u blis h e d)  
e x a mi n e d t h e pr ot e o m e ass o ci at e d wit h p ull d o w n of P D E 5 fr o m a d ult m o us e c ar di a c 
m y o c yt es, b ut n o c o m p ar a bl e st u d y h as b e e n p e rf or m e d f or P DE 9 d u e t o t h e l a c k of a 
m o us e e x pr es si n g t a g g e d P D E 9 pr ot ei n ( alt h o u g h i n C h a pt er 2 of t his t h esis w e n o w pr es e nt 
p ull d o w n d at a f or F L A G -t a g g e d P D E 9 o v er e x pr ess e d i n a d ult r a b bit c ar di o m y o c yt es). 
W hil e p ull d o w n i d e ntifi es dir e ct bi n di n g p art n ers ( or bi n di n g c o m pl e x es) of t h e pr ot ei n of 
i nt erest, t h e br o a d er e n vir o n m e nt wit hi n w hi c h t h e pr ot ei n of i nt er est r esi d es is n ot f ull y 
i d e ntifi e d b y t his a p pr o a c h. F urt h er m or e, t h er e c a n e v e n b e diffi c ulti es i d e ntif yi n g bi n di n g 
p art n ers d e p e n di n g o n t h e c o n diti o ns us e d f or c ell l ysis. If a str o n g d et er g e nt is us e d, pr ot ei n 
i nt er a cti o ns ar e i nt err u pt e d, a n d bi n di n g p art n ers c a n n ot b e i d e ntifi e d. G o o d i d e ntifi c ati o n 
of bi n di n g p art n ers a n d c o m pl e x es is als o d e p e n d e nt o n effi ci e nt p ull d o w n of t h e pr ot ei n of 
i nt er est. If not d o n e w ell, t his m a y l e a d t o i d e nt ifi c ati o n of f e w er bi n di n g p art n ers d u e t o l o w 
pr ot ei n a b u n d a n c e t h at c a n n ot b e d et e ct e d b y a m ass s p e ctr o m et er. T h er ef or e, t o f ull y 
i d e ntif y P D E c o m p art m e nts, a n o v el m ol e c ul ar a p pr o a c h w as n e e d e d t o c o n cis el y e x a mi n e 
its c ell ul ar n a n o d o m ai n. 
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 I n 2 0 1 2, t he l a b of Ali c e Ti n g first pr e mi er e d t h e A P E X t a g b y s h o wi n g its utilit y as 
a g e n eti c all y -e n c o d a bl e t a g t h at all o ws f or el e ctr o n mi cr os c o pi c i m a gi n g of a pr ot ei n of 
i nt er est wit h o ut t h e n e e d f or a n a nti b o d y1 6 5 . T h e y t h e n e x p a n d e d u p o n t his t h e f oll o wi n g 
y e ar, w h er e t h e y d es cri b e d a n el e g a nt us e of A P E X f or s p ati all y r estri ct e d pr ot e o mi c 
m a p p i n g5 7 . Si nc e t his ti m e, t h e l a b h as f urt h er o p ti mi z e d t h es e m et h o ds a n d i ntr o d u c e d 
A P E X 2, a n i m pr o v e d v ersi o n of A P E X wit h hi g h er c at al yti c a cti vit y, all o wi n g f or st u di es i n 
c ell ul ar mi cr o d o m ai ns t h at ar e p arti c ul arl y s e nsiti v e t o pr ot ei n o v er e x pr essi o n, s u c h as t h e  
e n d o pl as mi c r eti c ul u m a n d mit o c h o n d ri al o ut er m e m br a n e1 6 6 . 
 A P E X 2 is a n as c or b at e p er o xi d as e d eri v e d fr o m t h e s o y b e a n t h at c arri es s e v er al 
m ut ati o ns all o wi n g t h e pr ot ei n t o b e m o n o m eri c as  w ell as gi vi n g it hi g h er c at al yti c a cti vit y. 
It co n v erts v ari o us p h e n ol d eri v ati v es i nt o p h e n o x yl r a di c als, w hi c h c a n t h e n t a g n e ar b y 
el e ctr o n -ri c h a mi n o a ci ds, n a m el y c yst ei n e, histi di n e, tr y pt o p h a n, a n d t yr osi n e. T his 
p arti c ul ar f u n cti o n of A P E X 2 all o ws  f or pr ot e o mi c m a p pi n g, as w h e n c ells o v er e x pr essi n g 
a n A P E X 2 f usi o n pr ot ei n ar e pr o vi d e d wit h bi oti n -p h e n ol a n d H 2 O 2 , pr ot ei ns wit hi n a 2 0 
n m r a di us of t h e f usi o n pr ot ei n ar e t a g g e d b y bi oti n -p h e n o x yl r a di c als, f a cilit ati n g 
str e pt a vi di n p ull d o w n of t a g g e d pr ot ei ns a n d s u bs e q u e nt i d e ntifi c ati o n b y m ass 
s pe ctr o m etr y. N ot a bl y, t his t a g gi n g r e a cti o n o c c urs v er y q ui c kl y, wit h l a b eli n g t a ki n g o nl y 
o n e mi n ut e, all o wi n g f or m o nit ori n g of hi g hl y d y n a mi c c ell ul ar pr o c ess es. A P E X 2 als o 
c at al y z es H 2 O 2 -d e p e n d e nt p ol y m e ri z ati o n of dia mi n o b e n zi di n e ( D A B), w hi c h c a n 
s u bs e q u e ntl y r e a ct wit h t h e st ai ni n g r e a g e nt os mi u m t o g e n er at e c o ntr ast t h at c a n b e 
vis u ali z e d b y el e ctr o n mi cr os c o p y t o pr o vi d e hi g h -r es ol uti o n i m a g es of pr ot ei n s u b-c ell ul ar 
l o c ali z ati o n. 
 S e v er al ot h er si mi l ar t a gs e xist, i n cl u di n g Bi oI D5 4 , Bi oI D 25 5 , T ur b oI D, a n d 
mi ni T ur b o 5 6 . T h es e f o ur t a gs ar e all v ari a nts of bi oti n li g as e, w hi c h dir e ctl y tr a nsf ers t h e 
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bi oti n m oi et y t o pr ot ei ns ( u nli k e t h e bi oti n -p h e n o x yl r a di c al pr o d u c e d b y A P E X 2). Bi oI D 
a n d Bi oI D 2 w er e d e v el o p e d b y t h e R o u x l a b at t h e U ni v ersit y of S o ut h D a k ot a, wit h t h e 
cr e ati o n of B i oI D 2 e v ol vi n g fr o m a d esir e f or a s m all er a n d m or e effi ci e nt li g as e. T h es e 
e n z y m es r e q uir e o nl y bi oti n t o p erf or m l a b eli n g e x p eri m e nts, b ut n e e d a p pr o xi m at el y 2 4 
h o urs t o c o m pl et e l a b eli n g. T his ti m e fr a m e li mits t h eir a p pli c ati o n t o st ati c c ell ul ar s yst e ms, 
as d y n a mi c c ell r es p o ns es t o sti m uli will b e l ost. T ur b oI D a n d mi ni T ur b o w er e d e v el o p e d b y 
t h e Ti n g l a b as i m pr o v e m e nts u p o n t h e Bi oI D e n z y m es, n a m el y i m pr o vi n g t h e l a b eli n g ti m e 
b y d e cr e asi n g it t o o nl y 1 0 mi n ut es as c o m p ar e d t o t h e 2 4 h o urs n e e d e d f o r Bi oI D. T h es e 
e n z y m es ar e als o bi oti n li g as es, li k e Bi oI D a n d Bi oI D 2, b ut u n d er w e nt dir e ct e d e v ol uti o n t o 
b e hi g hl y effi ci e nt. T h es e n e w t a gs fr o m t h e Ti n g l a b a p p e ar pr o mi si n g f or f ut ure st u di es of 
d y n a mi c c ell ul ar s yst e ms, as t h e y h a v e r el ati v el y f ast l a b eli n g ti m e a n d o nl y r e q uir e bi oti n.  
 
 
M E T H O D S  
G e n er ati o n of G F P -A P E X 2 -t a g g e d P D E C o n str u ct s a n d A d e n o vir u s e s: P D E 5, P D E 9, 
a n d G F P -A P E X 2 w er e s u b cl o n e d i nt o p c D N A 3. 1 + ( T h er m o Fis h er S ci e ntifi c) utili zi n g 
N e w E n gl a n d Bi o L a bs Hi Fi cl o ni n g. Bri efl y, p c D N A 3. 1 + w as di g est e d wit h N h eI a n d X h oI 
( N e w E n gl a n d Bi o L a bs) a n d g el p urifi e d. T h e P D E 5, P D E 9, a n d G F P-A P E X 2 i ns erts w er e 
a m plifi e d wit h pri m ers d esi g n e d usi n g t h e N E B uil d er d esi g n t o ol ( N e w E n gl a n d Bi o L a bs) 
a n d s y nt h esi z e d b y I nt e gr at e d D N A T e c h n ol o gi es. G F P -A P E X 2 w as a m plifi e d fr o m 
p c D N A 3 C o n n e xi n 4 3 -G F P -A P E X 2, w hi c h w as a gift fr o m Ali c e Ti n g ( A d d g e n e pl as mi d 
# 4 9 3 8 5; htt p: / / n 2t. n et / a d d g e n e: 4 9 3 8 5; R RI D: A d d g e n e _ 4 9 3 8 5). A s h ort li n k er w as 
i n cl u de d b et w e e n t h e P D E a n d G F P -A P E X 2 fr a g m e nts c o nsisti n g of t h e p e pti d e s e q u e n c e 
G G S G G T. Q 5 hi g h fi d elit y p ol y m er as e ( N e w E n gl a n d Bi o L a bs) w as us e d f or P C R 
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a m plifi c ati o n. P C R fr a g m e nts w er e g el p urifi e d, a n d ass e m bl y a n d b a ct eri al tr a nsf or m ati o n  
w as t h e n p erf or m e d a c c or di n g t o N E B Hi Fi pr ot o c ol. S e q u e n ci n g pri m ers w er e d esi g n e d 
usi n g t h e G e n S cri pt s e q u e n ci n g pri m er d esi g n t o ol ( htt ps: / / w w w. g e ns cri pt. c o m /t o ols / d n a -
s e q u e n ci n g-pri m er -d esi g n). All cl o ni n g a n d s e q u e n ci n g pri m er s e q u e n c es c a n b e f o u n d i n 
T a bl e 4 .1 a n d 4 .2 , r es p e cti v el y. A d e n o vir us es f or G F P-A P E X 2, P D E 5 -G F P -A P E X 2, a n d 
P D E 9 -G F P -A P E X 2 w er e g e n er at e d b y W el g e n, I n c ( W or c est er, M A).  
 
N e o n at al r at m y o c yt e i s ol ati o n a n d tr a n sf e cti o n:  N e o n at al r at m y o c yt es w er e is ol at e d as 
pr e vi o usl y d es cri b e d 6 5 . N R C Ms w er e c ult ur e d f or 2 4 h o urs i n hi g h gl u c os e ( 4. 5 g / L) D M E M 
wit h 1 0 % F B S, L -gl ut a mi n e ( 4 m M), a n d p e ni cill i n /str e pt o m y ci n ( 1 0 0 U / m L) pri or t o st u d y. 
F or pl as mi d tr a nsf e cti o n, N R C Ms w er e tr a nsf e ct e d o v er ni g ht usi n g Li p of e ct a mi n e 3 0 0 0 
( T h er m o Fis h er S ci e ntifi c) a c c or di n g t o m a n uf a ct ur er pr ot o c ol. F or a d e n o vir us i nf e cti o n, 
N R C Ms w er e i nf e ct e d wit h a d e n o vir u s ( 1 0 M OI) i n pl ai n D M E M f or 3 -4 h o urs. M e di a w as 
t h e n c h a n g e d b a c k t o hi g h gl u c os e D M E M c o nt ai ni n g 1 0 % F B S, p e ni cilli n-str e pt o m y ci n, 
a n d gl ut a mi n e aft er b ot h tr a nsf e cti o n a n d i nf e cti o n. C ells w er e gi v e n at l e ast 4 8 h o urs t o 
e x pr ess t h e f us i o n c o nstr u cts pri or to s a m pl e c oll e cti o n or fi x ati o n.  
 
A d ult r a b bit m y o c yt e i s ol ati o n a n d i nf e cti o n:  A d ult r a b bit m y o c yt es w er e i s ol at e d as 
pr e vi o usl y d es cri b e d 1 4 9 . M y o c yt es w er e i nf e ct e d wit h a d e n o vir us ( 1 0 M OI) at t h e ti m e of 
p l ati n g i n M e di u m 1 9 9 ( Si g m a). Aft er 3-4 h o urs, m e di a w as c h a n g e d t o M e di u m 1 9 9 
c o nt ai ni n g 2 % F B S, p e ni cilli n -str e pt o m y ci n ( 1 0 0 U / m L), L-gl ut a mi n e ( 0. 1 m g / m L), cr e ati n e 
( 5 m M), t a uri n e ( 5 m M), a n d L-c ar niti n e ( 2 m M). Aft er o v er ni g ht i n c u b ati o n, c ells w er e 
sti m ul at e d wit h e n d ot h eli n-1 ( 1 0 0 n M, Si g m a) or v e hi cl e f or 2 4 h o urs i n M e di u m 1 9 9 
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c o nt ai ni n g p e ni cilli n -str e pt o m y ci n, L-gl ut a mi n e ( 0. 1 m g / m L), cr e ati n e ( 5 m M), t a uri n e ( 5 
m M), a n d L -c ar niti n e ( 2 m M).  
 
Bi oti n yl ati o n pr ot o c ol:  Bi oti n yl ati o n w a s p erf or m e d a c cor di n g t o t h e p u blis h e d pr ot o c ol 
fr o m H u n g et al1 6 7 , wit h s e v er al d e vi ati o ns. M o difi c ati o ns t o t h e p u blis h e d pr ot o c ol w er e 
a d diti o n of N -a c et yl -c yst ei n e (t o i n cr e as e bi oti n yl ati o n) a n d c y cl o h e xi mi d e (t o r e d u c e n o n -
c o m p art m e nt s p e cifi c bi o ti n yl ati o n). N-a c et yl -c yst ei n e ( 5 0 0 µ M, Si g m a) a n d c y cl o h e xi mi d e 
( 1 0 0 µ M, Si g m a) w er e a d d e d 2 h o urs pri or t o a d diti o n of H 2 O 2 . All ot h er p arts of t h e 
pr ot o c ol w er e p erf or m e d as r e c o m m e n d e d.  
 
A s s e s s m e nt of c G M P l e v el s i n n e o n at al m y o c yt e s:  F or c G M P ass a y s a m pl es, n e o n at al  
r at m y o c yt es w er e first tr a nsf e ct e d wit h pl as mid or i nf e ct e d wit h vir us. C ells w er e t h e n 
tr e at e d t h e f oll o wi n g d a y wit h a n s G C a cti v at or, B A Y 6 0-2 7 7 0 ( 1 0 n M, B a y er H e alt h c ar e 
P h ar m a c e uti c als), atri al n atri ur eti c p e pti d e ( 1 µ M, Si g m a A 1 6 6 3),  a n d / or e n d ot h e li n-1 ( 1 0 0 
n M, Si g m a E 7 7 6 4) f or 4 8 h o urs pri or t o t h e ass a y. C y cli c G M P l e v els w er e m e as ur e d usi n g 
t h e c G M P Dir e ct Bi o Tr a k EI A kit ( G E H e alt h c ar e) a c c or di n g t o m a n uf a ct ur er pr ot o c ol. 
Pl at es w er e r e a d at b ot h 4 5 0 a n d 6 3 0 n m usi n g a M ol e c ul ar D e vi c es S p e ctr a M a x M 5 
mi cr o pl at e r e a d er. F or b a c k -c al c ul ati o n o f c G M P l e v els f or t h e 4 5 0 n m r e a d, a s e mi-l o g fit 
w as us e d. F or b a c k -c al c ul ati o n of c G M P l e v els f or t h e 6 3 0 n m r e a d, a 4 -p ar a m et er fit w as 
us e d. N or m ali z ati o n w as p erf or m e d as r e c o m m e n d e d b y t h e m a n uf a ct ur er.  St atisti c al 
a n al ysis w as p erf or m e d usi n g Gr a p h P a d Pris m v ersi o n 7, wit h c o m p aris o ns d o n e usi n g a 
o n e -w a y A N O V A or Kr us k al -W allis t est wit h p ost -h o c D u n n ett’s t ests. A n o n -p ar a m etri c 
Kr us k al -W allis t est w as us e d if t h e Br o w n -F ors yt h e t est r e t ur n e d a v al u e l ess t h a n 0. 0 5. 
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I m m u n ofl u or e s c e n c e:  C ells w er e tr a nsf e ct e d or tr a ns d u c e d as d es cri b e d. Aft er 4 8 h o urs of 
f usi o n c o nstr u ct e x pr essi o n, c ells w er e fi x e d i n 1 0 % f or m ali n i n P B S, p er m e a bili z e d wit h 
0. 5 % s a p o ni n i n P B S, a n d bl o c k e d wit h 3 % B S A i n P B S. C ells w e r e t h e n st ai n e d ov er ni g ht 
i n 3 % B S A wit h 0. 5 % s a p o ni n i n P B S at 4° C f or bi oti n yl at e d pr ot ei ns wit h Al e x a 5 5 5 -
c o u pl e d str e pt a vi di n ( # S 3 2 3 5 5, T h er m o Fis h er S ci e ntifi c, 1: 1 0 0 0), P D E 5 ( a nti b o d y # 2 3 9 5, 
C ell Si g n ali n g T e c h n ol o g y, 1: 2 0 0), or P D E 9 ( c ust o m a nti b o d y , Pr o S ci I n c, 1: 20 0). C ells w er e 
t h e n c o u nt erst ai n e d wit h a nti-r a b bit Al e x a 5 6 8-c o u pl e d s e c o n d ar y a nti b o d y  ( T h er m o Fis h er) 
at a 1: 5 0 0 dil uti o n  f or P D E 5 a n d P D E 9 if n e c ess ar y. H ar d-m o u nt V e ct as hi el d wit h D A PI 
( V e ct or L a bs) w as us e d t o pr es er v e fl u or es c e n c e aft er st ai ni n g w as c o m pl et e. I m a gi n g w as 
p erf or m e d o n a L ei c a T C S S P E c o nf o c al mi cr os c o p e usi n g a 4 0 X oil -i m m ersi o n o bj e cti v e. 
G F P w as i m a g e d as a m ar k er f or t h e f usi o n pr ot ei n.  
 
I m m u n o pr e ci pit ati o n of b i oti n yl at e d p r ot ei n s: A d ult r a b bit c ar d i o m y o c yt es w er e 
i nf e ct e d a n d bi oti n yl at e d as d es cri b e d. Aft er s a m pl es w er e c oll e ct e d, t h e y w er e s o ni c at e d t o 
disr u pt c ell m e m br a n es a n d s p u n d o w n. Pr ot ei n c o n c e ntr ati o n w as m e as ur e d usi n g t h e 
Pi er c e 6 6 0 -n m pr ot ei n ass a y ( T h er m o Fis h er). F o r i m m u n o pr e ci pit ati o n, 1 0 0 µ L of M y O n e 
Str e pt a vi di n C 1 D y n a B e a ds ( T h er m o Fis h er) w er e pr e -w as h e d t wi c e wit h RI P A b uff er 
( Si g m a), a n d t h e n i n c u b at e d wit h 2 7 5 µ g of pr ot ei n. B e a ds w er e r ot at e d wit h l ys at e f or t w o 
h o urs at r o o m t e m p er at ur e. F oll o wi n g i n c u b ati o n, b e a ds w er e w as h e d t wi c e wit h R I P A 
b uff er, o n c e wit h 1 M K Cl, o n c e wit h 0. 1 M N a 2 C O 3 , o n c e wit h 2 M ur e a i n 1 0 m M Tris-H Cl, 
a n d t wi c e a g ai n wit h RI P A b uff er. El uti o n w as p erf or m e d b y b oili n g t h e b e a ds f o ur ti m es i n 
2 X N o v e x Tris -Gl y ci n e S D S s a m pl e b uff er c o nt ai ni n g 2 m M bi ot i n ( Si g m a) a n d 2 0 m M 
D T T ( Si g m a).  
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W e st er n bl otti n g:   S a m pl es w er e r u n u n d er r e d u ci n g a n d d e n at uri n g c o n diti o ns o n pr e c ast 
4 -2 0 % Mi ni -P R O T E A N Tris -Gl y ci n e T G X g els ( Bi o -R a d). F or i m m u n o pr e ci pit ati o n 
s a m pl es, b ot h i n p ut a n d el u at e s a m pl es w er e r u n. F oll o wi n g s e mi -dr y tr a n sf er t o 
nitr o c ell ul os e m e m br a n es, bl otti n g w as p erf or m e d f or bi oti n yl at e d pr ot ei ns usi n g a LI -C O R 
str e pt a vi di n c o u pl e d a nti b o d y ( LI-C O R 9 2 6 -3 2 2 3 0). T ot al pr ot ei n st ai ni n g f or n or m ali z ati o n 
w as p erf or m e d usi n g t h e LI -C O R R E V E R T st ai ni n g kit. M e m br a n es w er e i m a g e d o n a LI-
C O R O d yss e y usi n g I m a g e St u di o v 5. 0 s oft w ar e.  
 
M a s s s p e ctr o m etr y e x p eri m e nt al d e si g n:  A d ult r a b bit c ar di o m y o c yt es w er e is ol at e d a n d 
c ells w er e i nf e ct e d wit h o n e of t hr e e vir us es: a d G F P -A P E X 2, a d P D E 5 -G F P -A P E X 2 , or 
a d P D E 9 -G F P -A P E X 2. All s a m pl e s w er e tr e at e d wit h bi oti n-p h e n ol ( Si g m a). Wit hi n e a c h 
vir us gr o u p, s a m pl es w er e eit h er wit h E T -1 ( 1 0 0 n M, Si g m a) or v e hi cl e a n d wit h H 2 O 2 ( 1 
m M, Si g m a)  or v e hi cl e f or a t ot al of f o ur s a m pl es p er vir us gr o u p. T h e e x p eri m e nt  w as 
r e p e at e d wit h n = 3  r a b bits f or a t ot al of t hr e e i n d e p e n d e nt e x p eri m e nts. T a n d e m m ass t a g 
l a b els w er e s h uffl e d b et w e e n s a m pl es i n diff er e nt m ulti pl e x es t o mi ni mi z e p e pti d e l a b eli n g 
bi as (s e e b el o w).  
 
M a s s s p e ctr o m etr y p e pti d e p r e p ar ati o n: F oll o wi n g s a m pl e el uti o n fr o m s tr e pt a vi di n 
m a g n eti c b e a ds, m et h a n ol -c hl or of or m e xtr a cti o n w as p erf or m e d f or all s a m pl es a c c or di n g t o 
t h e m et h o ds of W ess el a n d Fl u g g e1 5 0 . Aft er e xtr a cti o n w as c o m pl et e, s a m pl es w er e 
r es us p e n d e d i n 9 M ur e a c o nt ai ni n g 1 0 m M Tris-H Cl, a n d s u bs e q u e ntl y dil ut e d 1: 6 i n 6 0 m M 
H E P E S p H 7. 5, a n d 0. 6 m M D T T, t o yi el d a fi n al di g esti o n b uff er c o nt ai ni n g 5 0 m M 
H E P E S, p H 7. 5 1. 5 M ur e a, a n d 0. 5 m M D T T. 1 µ g of tr y psi n / L ys -C ( Pr o m e g a V 5 0 7 3) w as 
a d d e d t o e a c h s a m pl e, a n d p e pti d e di g est pr o c e e d e d o v er ni g ht at 2 5 ° C (t o r e d u c e l ysi n e 
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c ar b a m yl ati o n) wit h s a m pl es s h a ki n g at 1 0 5 0 R P M. T h e n e xt d a y, a n ot h er 0. 5 µ g of tr y psi n 
w as a d d e d al o n g wit h 5 m M D T T, a n d di g est c o nti n u e d f or a n ot h er 2 h o urs. 2 0 m M 
i o d o a c et a mi d e w as t h e n a d d e d t o al k yl at e t h e s a m pl es f or 1 h o ur i n t h e d ar k. 0. 5 % v / v T FA 
w as a d d e d t o a ci dif y t h e p e pti d es,  w hi c h w er e t h e n p urifi e d o n C 1 8 s pi n c ol u m ns ( Pi er c e) 
a c c or di n g t o m a n uf a ct ur er’s i nstr u cti o ns a n d el ut e d usi n g 0. 1 % f or mi c a ci d i n 6 0 % 
a c et o nitril e. Fi n all y, s a m pl es w er e e v a p or at e d t o dr y n ess i n a n E p p e n d orf V a c uf u g e.  Distill e d 
d ei o ni z e d H 2 O w as a d d e d a ft er t h e first s pi n a n d s a m pl es w er e s u bj e ct e d t o a s e c o n d r o u n d 
of e v a p or ati o n t o r e m o v e tr a c e l e v els of f or mi c a ci d a n d a c et o nitril e.  
 
P e pti d e la b eli n g a n d 2 -d i m e n si o n al li q ui d c hr o m at o gr a p h y c o u pl e d t o ta n d e m m a s s 
s p e ctr o m etr y ( 2 D -L C -M S / M S): S a m pl es w e r e t h e n r es us p e n d e d i n tri et h yl a m m o ni u m 
bi c ar b o n at e p H 8. 5. P e pti d es w er e l a b el e d wit h T M T (t a n d e m m ass t a g) r e a g e nts 
( T h er m o Fis h er), wit h l a b els s h uffl e d b et w e e n s a m pl es o n diff er e nt m ulti pl e x es t o mi ni mi z e 
l a b eli n g bi as. T M T l a b eli n g w as d o n e wit h s a m pl e s br o u g ht u p i n 1 0 0 µ l T E A B a n d l a b els 
br o u g ht u p i n 4 1 µ L  a n h y dr o us a c et o nitril e.  E a c h l a b el w as a d d e d t o its c orr es p o n di n g 
s a m pl e f or 1 h o ur b ef or e b ei n g q u e n c h e d wit h 8 µ L of 5 % h y dr o x yl a mi n e f or 1 5 
mi n ut es.   S a m pl es  w er e t h e n mi x e d a n d dri e d d o w n a n d s u bs e q u e ntl y br o u g ht u p i n 2 m L of 
1 0 m M T E A B a n d i nj e ct e d o nt o a n A gil e nt L C r u n ni n g a 2. 1 x 1 0 0 m m W at ers B E H C 1 8  
c ol u m n wit h 1. 7 µ M p arti cl es at 2 5 0 µ L / mi n ut e.   T h e first 1 2 fr a cti o ns w er e fl o w -t hr o u g h, 
wit h t h e n e xt 8 4 s a m pl es c oll e ct e d o n a n 8 5 -mi n ut e  gr a di e nt fr o m 0 -9 0 % a c et o nitril e 
c o nt ai ni n g 1 0 m M T E A B.   T h es e 8 4 fr a cti o ns w er e c o n c at e n at e d i nt o 1 2 fr a cti o ns f or L C -
M S / M S a n al ysis.   
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L C -M S / M S w as p erf or m e d o n a n  Or bitr a p F usi o n L u m os Tri bri d  M ass 
S p e ctr o m et er ( T h er m o Fis h er). Li q ui d c hr o m at o gr a p h y w as p erf or m e d pri or t o M S / M S b y 
bri n gi n g s a m pl es u p i n b uff er A ( 2 % a c et o nitril e, 0. 1 % f or mi c a ci d 9 8 % d ei o ni z e d w at er), 
a n d t h e n i nj e cti n g t h e s a m pl e o nt o a tr a p pi n g c ol u m n i n b uff er A f or 5 mi n ut es  at 5 µ L / mi n 
b ef or e s wit c hi n g t o t h e a n al yti c a l c ol u m n (R e pr o sil C 1 8 3 µ M  p arti cl es wit h 1 0 0 a n gstr o m 
p or e si z e, p a c k e d a p pr o xi m at el y 2 0 c m wit h 7 5 µ M  i nt er n al di a m et er f us e d sili c a Pi c o Frits 
fr o m N e w O bj e cti v e ( W o b ur n, M A)) at 3 0 0 n L / mi n. T h e s ol uti o n w as  t h e n s wit c h e d t o 
1 0 % b uff er B ( 9 0 % a c et o nitri l e / 1 0 % d ei o ni z ed w at er a n d 0. 1 % f or mi c a ci d). T h e gr a di e nt 
t h e n w e nt fr o m 1 0 % t o 2 0 % b uff er B o v er 4 5 mi n ut es a n d t h e n t o 3 5 % at 7 7 mi n ut es 
b ef or e j u m pi n g t o 1 0 0 % b uff er B at 8 0 mi n ut es, h ol di n g f or 2 mi n ut es, t h e n r et ur ni n g t o 2 % 
b uff er B i n a n ot h er 2 mi n ut es b ef or e t h e  li q ui d c hr o m at o gr a p h y r u n e n d e d at 9 0 
mi n ut es.   T h e fr a cti o ns w er e i nj e ct e d c o ns e c uti v el y f oll o wi n g t his gr a di e nt s c h e m e.  
M S w as c o n d u ct e d wit h t h e f oll o wi n g i nstr u m e nt s etti n gs. M S 1 r es ol uti o n w as s et t o 
1 2 0, 0 0 0 wit h a t ar g et i o n c o u nt of 4 0 0, 0 0 0. T h e pr e c urs or i o n is ol ati o n wi dt h w as 0. 7 
D alt o ns. F or M S 2, r es ol uti o n w as s et t o 5 0, 0 0 0 wit h a t ar g et i o n c o u nt of 1 0 0, 0 0 0.   C ollisi o n 
e n er g y w as s et t o 3 8. E as y I C i nt er n al c ali br ati o n w as us e d o n t h e pr e c urs ors w hi c h us es t h e 
E T D i o n f or m ass c orr e cti o n o n -t he -fl y f or M S.  
 
Pr ot ei n id e ntifi c ati o n:  P e a k list fil es (. R A W) w er e s e ar c h e d a g ai nst a r a b bit d at a b as e of 
pr e di ct e d pr ot ei n s e q u e n c es ( N C BI R ef S e q, t a x o n o m y: Or y ct ol a g us c u ni c ul us, 2 0 1 8, F A S T A 
f or m at, 3 8 5 5 9 s e q u e n c es; R ef S e q 8 3 _ Or y ct ol a g us _ c uni c ul us _ 1 8 0 4 1 3 _ 1.f ast a;), usi n g M as c ot 
V ersi o n: 2. 2. 0 ( M atri x S ci e n c e) i nt erf a c e d t hr o u g h Pr ot e o m e Dis c o v er er 1. 4 ( T h er m o). P e a ks 
w er e filt er e d at a si g n al t o n ois e r ati o of 1. 5, d eis ot o p e d, a n d s e ar c h e d wit h a  p ar e nt i o n m ass 
t ol er a n c e of 1 0 p p m a n d a n M S2 m ass t ol er a n c e of 0. 0 2 D a. Tr y psi n w as s p e cifi e d as t h e 
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e n z y m e a n d 1 miss e d cl e a v a g e w as all o w e d. C yst ei n e c ar b a mi d o m et h yl ati o n a n d N -t er mi n al 
a mi n e l a b eli n g wit h T M T 1 0 -pl e x r e a g e nt w er e s p e cifi e d as fi x e d m o difi c ati o ns f or t h e 
d at a b as e s e ar c h. D y n a mi c m o difi c ati o ns i n cl u d e d N -p yr o gl ut a mi n e, o xi di z e d m et hi o ni n e, 
p h os p h or yl ati o n of s eri n e, t hr e o ni n e, a n d t yr osi n e, a n d T M T l a b eli n g of l ysi n e. All s e ar c h es 
w er e c o n d u ct e d wit h t h e r e v ers e d d at a b as e s e ar c h m o d e e n g a g e d. P er c ol at or s oft w ar e w as 
us e d f or p e pti d e F D R ( q -v al u e)  c al c ul ati o ns. M as c ot o ut p ut fil es (. d at) t a b ul at e d w er e i n 
Pr ot e o m e Dis c o v er er. Of t h e hi g h c o nfi d e n c e p e pti d es ( q < 0. 0 1), 2 % of u ni q u e s p e ctr a h a d 
i nt e nsiti es missi n g fr o m o n e or m or e c h a n n els, i n di c ati v e of effi ci e nt T M T l a b eli n g a n d 
fr a gm e nt ati o n. S p e c tr a f or w hi c h p e pti d e c o -is ol ati o n i nt erf er e n c e w as >5 1 % w er e o mitt e d 
fr o m a n al ysis. Pr ot ei ns i d e ntifi e d b y si n gl e s p e ctr a w er e li k e wis e o mitt e d.  
 
Pr ot ei n q u a ntifi c ati o n b y T M T a n d s t ati sti c al a n al y si s: T M T r e p ort er i o n i nt e nsiti es 
w er e i nt e gr at e d o v er 3 0  p p m usi n g t h e m ost c o nfi d e nt c e ntr oi d m et h o d a n d c orr e ct e d f or 
p urit y i n Pr ot e o m e Dis c o v er er 1. 4 ( T h er m o). Missi n g l a b el e d c h a n n el i nt e nsiti es ( < 2 % of 
s p e ctr a) w er e i n v ers el y pr o p orti o n al t o t h e u ntr a nsf or m e d m e di a n i o n i nt e nsiti es a cr oss t h e 
c h a n n els. F o r i n di vi d u al s p e ctr a f or w hi c h missi n g d at a w as < 5 0 %, t h e missi n g v al u e w as 
r e pl a c e d b y t h e m e di a n v al u e of t h e l o w est i nt e nsiti es i n e a c h c h a n n el.  F oll o wi n g missi n g 
v al u e i m p ut ati o n , th es e si g n als w er e q u a ntifi e d usi n g t h e m e di a n s w e e p al g orit h m ori gi n al l y 
d es cri b e d b y H er bri c h et al 1 5 1  ess e nti all y as i m pl e m e nt e d r e c e ntl y b y F ost er et al 1 5 2  wit h a 
mi n or m o difi c ati o n. T M T r e p ort er i o n i nt e nsiti es w er e 1) l o g ari t h mi c all y-tr ansf or m e d ( b as e 
2), 2) q u a ntil e -n or m ali z e d f or e a c h c h a n n el , 3) m e di a n -c e nt er e d f or  e a c h i n di vi d u al s p e ctr u m 
a cr oss c h a n n els, 4) pr ot ei n a b u n d a n c e d et er mi n e d b y t a ki n g t h e m e di a n v al u e of t h e 
l o g arit h mi c all y-tr a nsf or m e d m e di a n-c e nt er e d i nt e nsit i es f or all sp e ctr a b el o n gi n g t o t h at 
pr ot ei n i n a gi v e n c h a n n el , a n d fi n all y, 5) r e -c e nt er e d  for e a c h c h a n n el b y s u btr a cti n g t h e 
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m e di a n pr ot ei n a b u n d a n c e. F oll o wi n g t h e m e di a n s w e e p, diff er e nti al pr ot ei n a b u n d a n c e 
b et w e e n e x p eri m e nt al gr o u ps w as ass ess e d b y m e a ns of a n e m piri c al B a y esi a n m et h o d, 
s p e cifi c all y, li n e ar m o d eli n g of mi cr o arr a ys ( LI M M A) 1 5 3, 1 5 4  wit h m ulti -gr o u p c o m p aris o n, as 
i m pl e m e nt e d i n O mi cs E x pl or er ( Ql u c or e, L u n d, S w e d e n). R es ulti n g p-v al u es w er e 
c orr e ct e d f or  m ulti pl e c o m p aris o ns usi n g t h e f als e dis c o v er y r at e ( q -v al u e) m et h o d of 
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T a bl e 4 . 1: Pri m er s u s e d f or a s s e m bl y of P D E 5 a n d P D E 9 G F P -A P E X 2 f u si o n 
c o n str u ct s.  
All s e q u e n c es ar e list e d i n t h e 5’ à  3’ ori e nt ati o n.  
Pri m er S e q u e n c e  A m pli c o n  Pl a s mi d  
F or w ar d:  t at a gg g a g a c c c a a g ct g g ct a g c A T G G A A C G A G C G G G C C C C  
R e v er s e:  c g c c g ct g c c g c c G T C C C G C T T G C C C T G G C T  
P D E 5  P D E 5 -G F P -
A P E X 2  
F or w ar d:  c a a g c g g g a c g g c g g c a g c g g c g g c a c c A T G G T G A G C A A G G G C G A G  
R e v er s e:  ttt a a a c g g g c c ct ct a g a ct c g a g T T A G G C A T C A G C A A A C C C A A G 
G F P -
A P E X 2  
P D E 5 -G F P -
A P E X 2  
F or w ar d:  t at a g g g ag a c c c a a g ct g g ct a g c A T G G G A T C C G G C T C C T C C  
R e v er s e:  c g c c g ct g c c g c c G G C A C A G T C T C C T T C A C T G  
P D E 9  P D E 9 -G F P -
A P E X 2  
F or w ar d:  a g a ct gt g c c g g c g g c a g c g g c g g c a c c A T G G T G A G C A A G G G C G A G  
R e v er s e:  ttt a a a c g g g c c ct ct a g a ct c g a g T T A G G C A T C A G C A A A C C C A A G 
G F P -
A P E X 2  
P D E 9 -G F P -
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T a bl e 4 . 2: G e n e -s p e cifi c pri m er s u s e d f or s e q u e n ci n g of P D E 5 a n d P D E 9 G F P -
A P E X 2 f u si o n c o n str u ct s.  
All s e q u e n c es ar e list e d i n t h e 5’ à  3’ ori e nt ati o n.  
Pri m er S e q u e n c e  G e n e  
T C T T T T A C T A G C T C C A A G A G C C  M o us e P D E 5  
T C C C A C C A T T T C C T G A T T T C  M o us e P D E 5  
T G G G A T A T T A A G T G G C T C C A T C  M o us e P D E 5  
C G G T A A T T T T A A G G G T T T G G G  M o us e P D E 5  
C A A G C A C T G G T C A A A A T G A T G  M o us e P D E 5  
A A A A G A A C T T A A C A T G G A G C C G  M o us e P D E 5  
T G G C A T C T A T G A A C C C A A C T T  M o us e P D E 5  
T C C T G G T A G C A G C C C T G G  H u m a n P D E 9  
C T C A G C A T C T C A T T G G G C T C  H u m a n P D E 9  
A T C A G G T G G G A T G T T G G A G A  H u m a n  P D E 9  
T G C A G C A T G A T C T C C T C A A C  H u m a n P D E 9  
T A T A T C A T G G C C G A C A A G C A  G F P  
C T G G T A G T G G T C G G C G A G  G F P  
C G C T A A C A A C G G T C T T G A C A  A P E X 2  
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R E S U L T S  
G e n er ati o n of t h e P D E -G F P -A P E X 2 f u si o n c o n str u ct s  
 D u e t o t h e d u al f u n cti o ns of A P E X 2, w e d e ci d e d  t o e m pl o y t his n o v el t a g i n or d er 
t o e x pl or e t h e c ar di a c n a n o d o m ai ns of P D E 5 a n d P D E 9. F usi o n c o nstr u cts w er e g e n er at e d 
i n t h e p c D N A 3. 1 + b a c k b o n e i n w hi c h G F P a n d A P E X 2 w er e f us e d t o t h e C-t er mi n us of 
eit h er P D E 5 or P D E 9. A s h ort li n k er w as i n cl u d e d b et w e e n t h e P D E a n d  t h e t a gs t o all o w 
f or s e p ar ati o n a n d fl e xi bilit y b et w e e n t h e diff er e nt m oi eti es of t h e f usi o n pr ot ei n (Fi g ur e 
4 .1 A ). F oll o wi n g c o m pl eti o n of t h e p c D N A 3. 1 + c o nstr u cts, a d e n o vir us es w er e m a d e f or 
furt h er us e i n c ar di o m y o c yt e st u di es, as e x pr e ssi o n l e v els are m u c h hi g h er wit h a d e n o vir al 
tr a ns d u cti o n t h a n pl as mi d tr a nsf e cti o n f or b ot h n e o n at al a n d a d ult c ar di o m y o c yt es. T h e 
vir us es w er e s h o w n t o e x pr ess w ell i n n e o n at al c ar di o m y o c yt es, wit h G F P si g n al cl e arl y 
visi bl e u p o n li v e -c ell e pifl u or es c e nt  i m a gi n g (Fi g ur e 4 .1 B ). C ell l ys at es w er e als o pr o b e d b y 
W est er n bl otti n g, w hi c h s h o w e d all vir us es t o b e e x pr essi n g pr ot ei ns of t h e e x p e ct e d 
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Fi g ur e 4 .1: P D E -G F P -A P E X 2 f u si o n c o n str u ct s e x pr e s s i n n e o n at al c ar di a c 
m y o c yt e s.  
 
 
F i g ur e 4 . 1: P D E-G F P -A P E X 2 f u si o n c o n str u ct s e x pr e s s w ell i n n e o n at al c ar di a c 
m y o c yt e s.  
A)  D esi g n of t h e f usi o n c o nstr u cts, wit h e x p e ct e d m ol e c ul ar w ei g hts. B) Li v e c ell G F P 
i m a gi n g of n e o n at al m y o c yt es tr a ns d u c e d wit h a d P D E 5 or a d P D E-G F P -A P E X 2. C) S D S -
P A G E bl otti n g f or G F P i n n e o n at al m y o c yt es e x pr essi n g eit h er a d P D E 5 or a d P D E 9 -G F P -
A P E X 2. C ells  w er e tr a ns d u c e d wit h i n cr e asi n g a m o u nts of vir us, a n d aft er 4 8 h o urs s a m pl es 
w er e c oll e ct e d a n d s u bj e ct e d t o S D S -P A G E a n d s u bs e q u e nt bl otti n g f or G F P t o i d e ntif y 
P D E 5 A P E X 2C M V G F P
P D E 5 -G F P -A P E X 2
P D E 9 A P E X 2C M V G F P
P D E 9 -G F P -A P E X 2
a d P D E 5 -G F P -A P E X 2 a d P D E 9 -G F P -A P E X 2
A
B
( 1 2 1 k D a)
( 1 5 1 k D a)
-1 2 5 k D a
1 2 5 k D a -
1 6 0 k D a -
C
G F P
T ot al 
Pr ot ei n
a d P D E 5 -G F P -A
P E X 2
a d P D E 9 -G F P
-A P E X 2
- -
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f usio n pr ot ei ns. B ot h a d P D E 5 -G F P -A P E X 2 (l eft) a n d a d P D E 9 -G F P -A P E X 2 (ri g ht) a p p e ar 
at t h e c orr e ct m ol e c ul ar w ei g ht. N ot a bl y , as t h e a m o u nt of vir us i n cr e as es  s o d o es c ell d e at h, 
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F u si o n of t h e G F P -A P E X 2 m oi et y d o e s n ot i n hi bit P D E -c at al y z e d c G M P h y dr ol y si s  
 T h e pri m ar y f u n cti o n of p h os p h o di est er as es is t o c at al y z e h y dr ol ysis of c y cli c 
n u cl e oti d es i nt o t h eir n o n -c y cli c f or ms. P D E 5 a n d P D E 9 pr e f er e nti all y h y dr ol yz e c y cli c 
G M P, g e n er at e d eit h er b y s ol u bl e or r e c e pt or -c o u pl e d g u a n yl yl c y cl as es t h at ar e sti m ul at e d 
b y nitri c o xi d e a n d n atri ur eti c p e pti d e, r es p e cti v el y. As t h e G F P a n d A P E X 2 m oi eti es w er e 
f us e d t o t h e C-t er mi n al e n d n e xt t o t h e c at al yti c d o m ai n of e a c h P D E, it w as criti c al t o 
e ns ur e t h at c y cli c n u cl e oti d e h y dr ol ysis w as u ni m p e d e d b y t h e a d diti o n of t h es e r el ati v el y 
b ul k y t a gs. I n or d er t o d et er mi n e w h et h er t h e P D E f usi o n c o nstr u cts w er e f u n cti o n al, 
n e o n at al r at m y o c yt es w er e tr a nsf e ct e d or tr a ns d u c e d wit h eit h er a c o ntr ol G F P -A P E X 2 
c o nstr u ct, or P D E 5 or P D E 9 -G F P -A P E X 2. C e lls w er e s u bs e q u e ntl y sti m ul at e d f or 4 8 h o urs 
wit h a s ol u bl e g u a n yl yl c y cl as e a cti v at or, B A Y 6 0 -2 7 7 0, a n d atri al n atri ur eti c p e pti d e ( A N P) 
t o m a xi mi z e c G M P l e v els i n t he c ell. Aft er t his,  c G M P ass a ys w er e p erf or m e d t o ass ess 
w h et h er P D E o v er e x pr essi o n r e d u c e d c G M P l e v els. c G M P l e v els w er e si g nifi c a ntl y r e d u c e d 
b y o v er e x pr essi o n of P D E 9, a n d b or d er -li n e si g nifi c a ntl y r e d u c e d b y P D E 5 o v er e x pr essi o n, 
b ut w er e u n aff e ct e d b y t h e c o ntr ol G F P-A P E X 2, i n di c ati n g t h at t h e c at al yti c d o m ai n of 
b ot h P D E 5 a n d P D E 9 is u n a ff e ct e d b y t h e a d diti o n of t h e G F P a n d A P E X 2 t a gs (Fi g ur e 
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Fi g ur e 4 . 2: G F P -A P E X 2 -t a g gi n g of P D E 5 a n d P D E 9 n e ar t h e c at al yti c d o m ai n d o e s 




Fi g ur e 4 . 2: P D E 5 a n d P D E 9 t a g g e d wit h G F P-A P E X 2 r et ai n c at al yti c a cti vit y  
N e o n at al r at m y o c yt es w er e tr a nsf e ct e d or tr a ns d u c e d wit h a G F P -A P E X 2, P D E 5 -G F P -
A P E X 2, or P D E 9 -G F P -A P E X 2. C ells w er e t h e n sti m ul at e d wit h E T -1 ( 1 0 0 n M), atri al 
n atri ur eti c p e pti d e ( A N P, 1 µ M), a n d a n s G C a cti v at or ( B A Y 6 0 -2 7 7 0, 1 0 n M). A N P a n d 
B A Y tr e at m e n t w as us e d t o sti m ul at e c G M P pr o d u cti o n b y b ot h t h e N P a n d N O p at h w a ys, 
a n d is d e n ot e d i n t h e fi g ur e l e g e n d b y “ A / B. ” c G M P l e v els w er e ass a y e d b y E LI S A, a n d 
n or m ali z e d  t o t ot al pr ot ei n. D ata s h o w n r e pr es e nt c o m bi n e d tr a nsf e cti o n a n d tr a ns d u cti o n 
s a m pl es ( 2 i n d e p e n d e nt e x p eri m e nts), wit h a n n of 2-4 p er e x p eri m e nt, p er gr o u p. D at a is 
pr es e nt e d as m e a n ± S E M.  D at a w er e a n al y z e d b y Kr us k al -W allis t est wit h p ost h o c D u n n’s 
m ulti pl e c o m p aris o n t esti n g. * * p < 0. 0 1, * * * p < 0. 0 0 1, * * * * p < 0. 0 0 0 1 v ers us E T 1 A / B 
gr o u p.  A b br e vi ati o ns: E T -1, e n d ot h eli n -1; A / B, A N P / B A Y 6 0 -2 7 7 0 ; G A, G F P-A P E X 2 ; 
P 5, P D E 5; P 9, P D E 9.  
 
0
5 0 0 0 0
1 0 0 0 0 0
1 5 0 0 0 0
















n C o ntr ol
E T 1
E T 1 A/ B
a d G A E T 1 A/ B
a d P 5 G A E T 1 A/ B
a d P 9 G A E T 1 A/ B
**** ***
**p = 0. 0 7
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P D E 5 a n d P D E 9 G F P -A P E X 2 f u si o n  c o n str u ct s c o -l o c ali z e wit h t h eir c orr e s p o n di n g 
e n d o g e n o u s P D E i n i s ol at e d n e o n at al a n d a d ult c ar di a c m y o c yt e s  
 C orr e ct c ell ul ar s u bl o c ali z ati o n of t h e f usi o n c o nstr u cts w as criti c al f or t h e pr o p os e d 
l a b eli n g a n d p ull d o w n e x p eri m e nts wit h A P E X 2, as wit h o ut t h e c orr e ct l o c ali z ati o n, t h e 
r es ulti n g pr ot e o m e w o ul d pr o vi d e i n a c c ur at e i nf or m ati o n. I n or d er t o ass ess w h et h er t h e 
f usi o n c o nstr u cts l o c ali z e c orr e ctl y wit hi n t h e c ell, i m m u n ofl u or es c e nt st ai ni n g a n d c o nf o c al 
i m a gi n g w as e m pl o y e d. N e o n at al r at or a d ult r a b bit c ar di o m y o c yt es w er e is ol at e d a n d 
tr a ns d u c e d wit h vir us, a n d s u bs e q u e ntl y st ai n e d f or eit h er P D E 5 or P D E 9. U p o n c o nf o c al 
i m a gi n g, c ol o c ali z ati o n w as s e e n b et w ee n G F P ( m ar k er f or t h e  f usi o n pr ot ei n) a n d t h e 
a p pr o pri at e P D E f or b ot h P D E 5 a n d P D E 9 i n n e o n at al a n d a d ult m y o c yt es (Fi g ur e 4 .3, A 
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Fi g ur e 4. 3: G F P- A P E X 2 si g n al c ol o c ali z e s wit h r e s p e cti v e P D E i n n e o n at al a n d a d ult 
c ar di o m y o c yt e s 
 
 
Fi g ur e 4. 3: P D E a n d G F P si g n al c ol o c ali z e i n m y o c yt e s e x pr e s si n g t h e G F P- A P E X 2 
f u si o n pr ot ei n s 
C ells w er e tr a ns d u c e d wit h a d e n o vir us e x pr essi n g P D E 5 or P D E 9- G F P- A P E X 2. Aft er 4 8 
h o urs, c ells w er e fi x e d a n d st ai n e d f or eit h er P D E 5 or P D E 9. C o nf o c al i m a gi n g w as 
p erf or m e d, wit h i m a g es pr o c ess e d i n Fiji. S c al e b ars r e pr es e nt 2 5 µ M. A) N e o n at al m y o c yt es 
a n d B) a d ult m y o c yt es e x pr essi n g P D E 5- G F P- A P E X 2 (t o p of e a c h p a n el) a n d P D E 9- G F P-
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Bi oti n yl ati o n b y t h e P D E f u si o n c o n s tr u ct s i s i m pr o v e d b y th e  a d diti o n of N -a c et yl 
c y st ei n e, a n d u n aff e ct e d b y c y cl o h e xi mi d e  
 I niti al t est st u di es of t h e A P E X 2 f usi o n c o nstr u cts s h o w e d s o m e b a c k gr o u n d 
bi oti n yl ati o n i n t h e a bs e n c e of H 2 O 2 , i n di c ati n g b as al a cti vit y of A P E X 2. W e h y p ot h esi z e d 
th at a d diti o n of a n a nti o x i d a nt m a y l o w er b a c k gr o u n d bi oti n yl ati o n b y r e d u ci n g o xi d ati o n 
a n d g e n er ati o n of fr e e r a di c als ( p arti c ul arl y t h e bi oti n -p h e n o x yl r a di c al) i n t h e c ell. W e 
t h er ef or e e m pl o y e d a c o m m o n a nti o xi d a nt, N-a c et yl c yst ei n e ( N A C), a n d c o m p ar e d o v er all 
bi oti n yl ati o n  le v els vi a W est er n bl ot f or t h e r e c o m m e n d e d bi oti n yl ati o n pr ot o c ol v ers us t h e 
a d a pt e d pr ot o c ol wit h t h e a d diti o n of N A C. W est er n bl otti n g s h o w e d a dr a m ati c all y 
i n cr e as e d l e v el of bi oti n yl ati o n wit h a d diti o n of N A C as c o m p ar e d t o t h e p u blis h e d 
pr ot o c ol. W h ile t h er e w as als o i n cr e as e d b a c k gr o u n d bi oti n yl ati o n i n t h e a bs e n c e of H 2 O 2 , 
t h e o v er all i n cr e as e i n a m o u nt of bi oti n yl at e d pr ot ei ns o ut w ei g h e d t his b a c k gr o u n d i n cr e as e 
(Fi g ur e 4 .4 A a n d B , l eft si d e). 
 W e f urt h er m or e w a nt e d t o o pti mi z e t h e bi oti n yl ati o n p r ot o c ol t o r e d u c e n o n-
c o m p art m e nt -s p e cifi c bi oti n yl ati o n. D u e t o t h e n at ur e of pr ot ei n s y nt h esis a n d tr a ns p ort 
wit hi n t h e c ell, tr a ns p ort pr ot ei ns a n d ri b os o m al m a c hi n er y will i n e vit a bl y b e l a b el e d b y 
A P E X 2 as t h e f usi o n pr ot ei ns ar e s y nt h esi z e d a n d tr a ns p or t e d t o t h eir fi n al c ell ul ar l o c ati o n. 
W e h y p ot h esi z e d t h at a d diti o n of c y cl o h e xi mi d e ( C H X), a pr ot ei n s y nt h esis i n hi bit or, w o ul d 
r e d u c e t his n o n-s p e cifi c l a b eli n g, h e n c e gi vi n g cl e a n er a n d t h er ef or e m or e a c c ur at e m ass 
s p e ctr o m etr y r es ults. W est er n bl ottin g  f or bi oti n yl at e d pr ot ei ns s h o w e d t h at C H X h a d n o 
i m p a ct o n o v er all a m o u nts of bi oti n yl ati o n, u nli k e t h e a d diti o n of N A C, a n d t h at t his w as 
t h e s a m e w h et h er C H X w as e m pl o y e d i n t h e p u blis h e d pr ot o c ol f or bi oti n yl ati o n, or t h e 
m o di fi e d pr ot o c ol wit h t h e ad d iti o n of N A C (Fi g ur e 4 .4 A a n d B , ri g ht si d e). 
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Fi g ur e 4 . 4: N-a c et yl c y st ei n e ( N A C) i n cr e a s e s o v er all bi oti n yl ati o n b y A P E X 2, w hil e 
c y cl o h e xi mi d e h a s n o i m p a ct  
 
 
Fi g ur e 4 . 4: N A C i n cr e a s e s bi oti n yl ati o n b y G F P-A P E X 2 -t a g g e d P D E 5 an d P D E 9.  
N e o n at al r at m y o c yt e s w er e tr a ns d u c e d wit h a d P D E 5 or a d P D E 9 -G F P -A P E X 2. Aft er 4 8 
h o urs, a m o difi e d bi oti n yl ati o n pr ot o c ol w as p erf or m e d i n w hi c h c ells w er e tr e at e d wit h N -
a c et yl c yst ei n e ( N A C, 5 0 0 µ M ) a n d / or c y cl o h e xi mi d e ( C H X, 1 0 0 µ M ) t w o h o urs prior t o 
a d d iti o n of H2 O 2 . S a m ples w er e t h e n c oll e ct e d a n d r u n o n a n S D S -P A G E g el, a n d 
s u bs e q u e ntl y bl ott e d f or str e pt a vi di n (t o d et e ct bi oti n yl at e d pr ot ei ns) a n d t ot al pr ot ei n. A) 
a d P D E 5 -G F P -A P E X 2 tr a ns d u c e d c ells a n d B) a d P D E 9 -G F P -A P E X 2 tr a ns d u c e d c ells. L e ft 
of t h e  r e d li n e o n e a c h p an el ar e s a m pl es t h at w er e n ot tr e at e d wit h C H X, w hil e ri g ht of t h e 
ri g ht li n e ar e s a m pl es t h at w er e tr e at e d wit h C H X. A b br e vi ati o ns: C H X, c y cl o h e xi mi d e; 




H 2 O 2
C H X
Str e pt a vi di n
T ot al
Pr ot ei n
- - - - + + + +
- - + + - - + +
+ + + + + + + +




H 2 O 2
C H X - - - - + + + +
- - + + - - + +
+ + + + + + + +
- + - + - + - +
Str e pt a vi di n
T ot al
Pr ot ei n
B
 
 1 1 3  
Bi oti n yl at e d pr ot ei n s r e m ai n l o c all y c o n str ai n e d wit hi n a p pr o pri at e c ell ul ar 
n a n o d o m ai n s  
 T h e bi oti n -p h e n o x y l r a di c als g e n er at e d b y A P E X 2 d uri n g t h e bi oti n yl ati o n pr ot o c ol 
h a v e a s h ort h alf -lif e, h e n c e li miti n g t h e l a b eli n g r a di us t o a p pr o xi m at el y 2 0 n m fr o m t h e 
f usi o n pr ot ei n. I n or d er t o d et er mi n e w h et h er t h e bi oti n yl ati o n w as i n d e e d r e m ai ni n g l o c all y 
c o nstr ai n e d wit hi n t h e P D E c o m p art m e n t, tr a ns d u c e d a d ult r a b bit c ar di o m y o c yt es w er e 
st ai n e d f or bi oti n yl at e d pr ot ei ns wit h a n Al e x a fl u or -str e pt a vi di n f usi o n a nti b o d y, a n d 
s u bs e q u e ntl y i m a g e d vi a c o nf o c al mi cr os c o p y. C ol o c ali z ati o n w as s e e n b et w e e n G F P 
( m ar ki n g t he f usi o n pr ot ei n) a n d bi oti n y l at e d pr ot ei ns f or b ot h P D E 5 a n d P D E 9 (Fi g ur e 
4 .5 ). T his i n di c at es t h at bi oti n yl ati o n is r e m ai ni n g wit hi n t h e c o m p art m e nt l o c al t o t h e f usi o n 
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Fi g ur e 4 .5: Bi oti n yl at e d pr ot ei n s r e m ai n c o n str ai n e d t o t h e l o c al P D E c o m p art m e nt s 
i n a d ult c ar di o m y o c yt e s 
 
 
Fi g ur e 4 .5: Bi oti n yl at e d pr ot ei n s c ol o c ali z e wit h t h e G F P -A P E X 2 -t a g g e d P D E s 
A d ult r a b bit c ar di o m y o c yt es w er e tr a ns d u c e d w it h eit h er A) P D E 5 -G F P -A P E X 2 or B) 
P D E 9 -G F P -A P E X 2. 4 8 h o urs l at er, bi oti n yl ati o n w as p erf or m e d a n d c ells w er e fi x e d a n d 
st ai n e d f or bi oti n yl at e d pr ot ei ns usi n g a n Al e x a Fl u or -t a g g e d str e pt a vi di n. C ells w er e i m a g e d 
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M a s s s p e ctr o m etr y of bi oti n yl a t e d pr ot ei n s f or b ot h P D E 5 a n d P D E 9-A P E X 2 f u si o n 
c o n str u ct s i d e ntifi e s f e w pr ot ei n s  
 R a b bit m y o c yt es w er e tr a ns d u c e d wit h eit h er a d G F P -A P E X 2 or a d P D E 5 or P D E 9 -
G F P -A P E X 2, a n d s u bj e ct e d t o t h e m o difi e d bi oti n yl ati o n pr ot o c ol i n cl u di n g N A C a n d 
C H X. I m m u n o pr e ci pit ati o n w as p erf or m e d t o is ol at e bi oti n yl at e d pr ot ei ns, w hi c h t h e n 
u n d er w e nt p urifi c ati o n, di g esti o n, l a b eli n g, a n d fr a cti o n ati o n f or L C -M S / M S. St atisti c al 
a n al ysis of t h e s u bs e q u e nt i d e ntifi e d p e pti d es t h at w er e  of hi g h -c o nfi d e n c e w as p erf or m e d i n 
w hi c h a s a m pl e wit h bi oti n p h e n ol a n d H 2 O 2  w as c o m p ar e d t o a s a m pl e wit h o nl y bi oti n 
p h e n ol (i. e. a d P D E 5 -G F P -A P E X 2 + bi oti n p h e n ol + H 2 O 2  v ers us a d P D E 5 -G F P -A P E X 2 + 
bi oti n p h e n ol). T his a n al ysis i d e ntifi e d f e w p e pti d es as si g nifi c a nt a n d h a d a hi g h f als e 
dis c o v er y r at e, i n di c ati n g l o w c o nfi d e n c e i n t h e fi n di n gs. T his w as tr u e f or b ot h P D E 5 a n d 
P D E 9 r es ults, wit h 2 4 pr ot ei ns  i d e ntifi e d f or P D E 5 (T a bl e 4 . 3) a n d 5 7 pr ot ei ns  i d e ntifi e d 
f or P D E 9 (T a bl e 4 . 4), b ot h at p < 0. 1. P at h w a ys a n al ys is f or pr ot ei ns i d e ntifi e d wit h P DE 5 -
G F P -A P E X 2 f o u n d c ar b o n m et a b olis m, a nti bi oti c s y nt h esis, a n d gl y ci n e, s eri n e, a n d 
t hr e o ni n e m et a b olis m p at h w a ys w er e e nri c h e d (T a bl e 4 . 5). F or P D E 9-G F P -A P E X 2, 
mit o c h o n dri al p at h w a ys w er e e x p e ct e d t o b e e nri c h e d, b ut w e r e n ot (T a bl e 4 . 6). 
 F urt h er a n al ys is w as p erf or m e d t o d et er mi n e p ot e nti al r e as o ns f or t h e l o w 
c o nfi d e n c e fi n di n gs. I n o n e a n al ysis, t h e r el ati v e eff e ct si z e of H 2 O 2  w as e x a mi n e d t o 
d et er mi n e if t h e e x p e ct e d eff e cts (i. e. i n cr e as e d bi oti n yl ati o n) w er e a ct u all y o c c urri n g i n t h e 
s a m pl e s et (F i g ur e 4 .6 A -C ). T h es e a n al ys es s h o w e d t h at H2 O 2  w as h a vi n g a s m all er eff e ct 
si z e t h a n a nti ci p at e d, alt h o u g h it w as s e e n t o h a v e a gr e at er eff e ct i n t h e P D E 5 a n d P D E 9 
d at a s ets t h a n t h e c o ntr ol G F P -A P E X 2 d at a s et ( m e a n F r ati os of 1. 2 2, 1. 3 7, a n d 0. 9 6 f or 
P D E 5, P D E 9, a n d G F P -A P E X 2 c o ntr ol r es p e cti v el y). H o w e v er, e x a mi n ati o n of t h e 
s a m pl es s e nt f or m ass s p e ctr o m etr y b y W est er n bl otti n g s h o w e d a d e q u at e i n cr e as es i n 
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bi oti n yl ati o n b et w e e n bi oti n p h e n ol a n d bi oti n p h e n ol wi t h H2 O 2  gr o u ps, s o it is u n c ert ai n 
w h y t h is eff e ct a p p e ar e d mi ni m al aft er a n al ysis of t h e m ass s p e c d at a. E T-1 tr e at m e nt w as 
s h o w n t o h a v e t h e l ar g est eff e ct si z e f or all d at a s ets (Fi g ur e 4 .6 A -C ). A d diti o n al a n al ys es of 
t h e d at a s et e x a mi n e d s a m pl e cl ust eri n g, w hi c h i n di c at e d t h at s a m pl es w er e f or mi n g u ni q u e 
cl ust ers. S o m e s a m pl e gr o u ps cl ust er e d t o g et h er, s u c h as a d P D E 9 -G F P -A P E X 2 + bi oti n 
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Fi g ur e 4. 6: B et w e e n- gr o u p a n al y si s s h o w s H 2 O 2  d o e s n ot c o ntri b ut e t o v ari a n c e a s 
m u c h a s e x p e ct e d 
 
Fi g ur e 4. 6: H 2 O 2  i s n ot t h e pri m ar y c o ntri b ut or t o v ari a n c e b et w e e n gr o u p s 
M ass s p e c s a m pl e gr o u ps w er e a n al y z e d usi n g LI M M A f or f a ct ors c o ntri b uti n g t o v ari a n c e, 
w hi c h s h o w e d t h at E T- 1 w as t h e pri m ar y c o ntri b ut or t o v ari a n c e b et w e e n s a m pl e gr o u ps, 
w hil e H 2 O 2  h a d a r el ati v el y m o d est eff e ct. T his w as tr u e f or A) G F P- A P E X 2, B) P D E 5-
G F P- A P E X 2, C) P D E 9- G F P- A P E X 2, alt h o u g h G F P- A P E X 2 s h o w e d n o i m p a ct of H 2 O 2 . 
S a m pl es w er e als o a n al y z e d b y pri n ci pl e c o m p o n e nts a n al ysis, w hi c h s h o w e d s a m pl es wit hi n 
gr o u ps w er e g e n er all y cl ust er e d t o g et h er f or b ot h D) P D E 5- G F P- A P E X 2 a n d E) P D E 9-
G F P- A P E X 2. N = 3 p er s a m pl e gr o u p f or p a n els D a n d E. A b br e vi ati o ns: E T- 1, e n d ot h eli n-
1; B P, bi oti n p h e n ol. 
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C o m p ari s o n of P D E 9 -F L A G c o -i m m u n o pr e ci pit ati o n d at a t o P D E 9-G F P -A P E X 2 
m a s s s p e ctr o m etr y d at a s h o w s littl e o v erl a p  
 W e n e xt w a nt e d t o d et er mi n e w h et h er or n ot t h e A P E X 2 m ass s p e ctr o m etr y d at a 
w o ul d o v erl a p wit h o ur pr e vi o usl y c oll e ct e d c o -i m m u n o pr e ci pit ati o n d at a f or P D E9. T h e 
c o -i m m u n o pr e ci pit ati o n d at a s h o w e d P D E 9 l o c ali z es at t h e mit o c h o n dri a-s ar c o pl as mi c 
r eti c ul u m i nt erf a c e, p ulli n g d o w n m a n y mit o c h o n dri al e n er g eti cs pr ot ei ns as w ell as s o m e S R 
pr ot ei ns ( C h a pt er 2 o f t his t h esis). W h e n t his d at a s et w as c o m p ar e d t o t he A P E X 2 d at a s et, 
o nl y 6 pr ot ei ns w er e f o u n d t h at o v erl a p p e d b et w e e n t h e t w o, o n e of w hi c h w as P D E 9 
(Fi g ur e 4 .7 ). T h e r e m ai ni n g fi v e pr ot ei ns w er e C O X 4, EI F 4 A 1, MI C 1 0, T L N 1, a n d 
V D A C 1. T hr e e of t h es e pr ot ei ns ( C O X 4, MI C 1 0, a n d V D A C 1) ar e mit o c h o n dri al, w hi l e 
EI F 4 A 1 is i n v ol v e d i n i niti ati o n of pr ot ei n tr a n sl ati o n, a n d T L N 1 is p art of t h e c ost a m er e i n 
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Fi g ur e 4 . 7: C o m p ari s o n of P D E 9 A P E X 2 d at a t o P D E 9 c o-i m m u n o pr e ci pit ati o n d ata 
s h o w s littl e o v erl a p  
 
 
Fi g ur e 4 .7: Mi ni m al o v erl a p b et w e e n A P E X 2 a n d c o -I P d at a s et s f or P D E 9  
Aft er d at a a n al ysis of t h e P D E 9 -G F P -A P E X 2 d at a s et, si g nifi c a nt pr ot ei ns ( p < 0. 1) w er e 
c o m p ar e d t o si g nifi c a nt pr ot ei ns fr o m t h e P D E 9 -F L A G c o -i m m u n o pr e ci pit atio n 
e x p eri m e nt ( p < 0. 0 5). O nl y 6 pr ot ei ns o v erl a p p e d b et w e e n t h e d at a s ets, i n di c ati n g littl e 








1 4 9 5 16
C o -I P A P E X 2
p < 0. 0 5
F D R = 3 %
p < 0. 1
F D R = 8 9 %
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D I S C U S S I O N  
 T his st u d y is t h e first ti m e t h at a pr o xi mit y pr ot e o mi cs a p pr o a c h h as b e e n t est e d t o 
e x a mi n e P D E c o m p art m e nts. W hil e t his i d e a still h ol ds m erit a n d  c o ul d b e hi g hl y 
i nf or m ati v e, m o difi c ati o ns ar e cl e arl y n e e de d. A P E X 2 -t a g g e d P D E 5 a n d P D E 9 i niti all y 
l o o k e d pr o misi n g, as t h e y a p p e ar t o a cti v el y d e gr a d e c G M P, l o c ali z e c orr e ctl y, a n d 
bi oti n yl at e w ell. H o w e v er , t h e m ass s p e ctr o m etr y d at a di d n ot pr o vi d e m uc h i nsi g ht, wit h 
r el ati v el y f e w pr ot ei ns i d e ntifi e d as si g nifi c a nt a n d a hi g h f als e dis c o v er y r at e a m o n gst t h es e 
f e w. F urt h er m or e, a m o n g t h e pr ot ei ns i d e ntifi e d i n t h e P D E 9-G F P -A P E X 2 d at a s et, o nl y 
si x o v erl a pp e d wit h t h e P D E 9 -F L A G c o -i m m u n o pr e ci pit ati o n dat a s et. T h e r e as o ns f or 
t h es e r es ults ar e u n k n o w n, as s a m ples s h o w e d a d e q u at e i n cr e as es i n bi oti n yl ati o n b y W est er n 
bl otti n g. It is p ossi bl e t h at t h e pr ot o c ol m o difi c ati o ns t h at w e i ntr o d u c e d (t h e a d diti o n of  
N A C a n d C H X) m a y h a v e c a us e d u nf or es e e n diffi c ulti es wit h m ass s p e c, b ut t his is 
u n k n o w n wit h o ut f urt h er t esti n g. S a m pl e pr o c essi n g a n d d at a a n al ysis pr o c e e d e d i d e nti c all y 
t o t h e w or kfl o w us e d f or t h e P D E 9-F L A G c o -i m m u n o pr e ci pit ati o n e x p eri m e nt, w hi c h 
yi e l d e d hi g h q u alit y d at a wit h a l o w f als e dis c o v er y r at e, s o t h es e ar e n ot t h e li k el y c ul prits. If 
A P E X 2 w er e  t o b e t est e d a g ai n f or st u di es of P D E c o m p art m e nt ati o n, o n e m o difi c ati o n 
t h at c o ul d b e m a d e is t o utili z e a m or e li pi d-s ol u bl e f or m of H 2 O 2 s u c h as t ert-b ut yl p er o xi d e 
t o i n cr e as e t h e a m o u nt of per o xi d e wit hi n t h e c ell t h at c a n a cti v at e bi oti n yl ati o n, as 
m e m br a n e p er m e a bilit y of H 2 O 2 is li mit e d1 6 8 . W e w o ul d als o r e c o m m e n d s e ar c hi n g t h e d at a 
f or t h e sp e cifi c bi oti n yl ati o n m o difi c ati o ns i n or d er t o g et m or e i nf or m ati v e r es ults. T his 
pr o c ess is c urr e ntl y u n d er w a y f or t h e c urr e nt d at a s et, a n d m a y al t er t h e r es ults pr es e nt e d 
h er e.  
 F or a n y f ut ur e  st u di es usi n g pr o xi mit y l a b eli n g t e c h ni q u es t o e x a mi n e P D E 
c o m p art m e nt ati o n, w e w o ul d r e c o m m e n d t h at a diff er e nt t a g b e us e d –  f or e x a m pl e, 
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T ur b oI D or mi ni T ur b o, as t h es e d o n ot r e q uir e t h e hi g h d os e of H 2 O 2  f or a cti v ati o n a n d 
s u bs e q u e nt l a b eli n g, y et still h a v e r el ati v el y s h ort l a b eli n g ti m es. A d diti o n all y, t h e mo difi e d 
bi oti n yl ati o n pr ot o c ol us e d h er e i n w hi c h N A C w as i n cl u d e d w o ul d n o l o n g er b e n e e d e d, 
si n c e H2 O 2  is n ot us e d f or eit h er of t h es e bi oti n li g ases. Alt h o u g h t h e a bilit y t o p erf or m 
el e ctr o n mi cr os c o p y st u di es is l ost wit h t h es e t a gs, t h e pr o xi mit y pr ot e o mi cs w or kfl o w is 
si m pl er. W e w o ul d als o r e c o m m e n d a d di n g c y cl o h e xi mi d e t o t h e s a m pl es (si mil ar t o w h at 
w as d o n e h er e). B y a d di n g c y cl o h e xi mi d e, l a b eli n g of pr ot ei ns n e ar n e wl y s y nt h esi z e d f usi o n  
pr ot ei ns ( eit h er at t h e ri b os o m e as it’s b ei n g s y nt h esi z e d,  or i n v esi cl es as it’s b ei n g 
tr a ns p ort e d) is a v oi d e d, pr o vi di n g cl e a n er m ass s p e c d at a s ets. H o w e v er, it is u n k n o w n 
w h et h er c y cl o h e xi mi d e w o ul d si g n ifi c a ntl y alt er t h e c at al yti c effi ci e n c y of t a gs ot h er t h a n 
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T a bl e 4 . 3: Si g nifi c a nt pr ot ei n s i n P D E 5-G F P -A P E X 2 a n al y si s.  
M ass s p e ctr o m etr y d at a w as a n al y z e d b y LI M M A, c o m p ari n g bi oti n -p h e n ol t o bi oti n -p h e n ol 
wit h H 2 O 2  s a m pl es. All pr ot ei ns wit h a p < 0. 1 ar e s h o w n, alt h o u g h t h e hi g h est p v al u e w as 
0. 0 4 6 4.  
G e n e N a m e  Pr ot ei n N a m e  
F ol d C h a n g e 
wit h H 2 O 2  P V al u e  
A N X A 1  A n n e xi n A 1  2. 4 1  0. 0 0 1 7  
D P Y S L 2  Di h y dr o p yri mi di n as e -r el at e d pr ot ei n 2  1. 8 3  0. 0 0 6 0  
D L S T  
Di h y dr oli p o yll ysi n e -r esi d u e 
s u c ci n yltr a nsf er as e c o m p o n e nt of 2 -
o x o gl ut ar at e d e h y dr o g e n as e c o m pl e x, 
mit o c h o n dri al   1. 6 3  0. 0 0 8 9  
P G A M 2  P h os p h o gl y c er at e m ut as e 2  1. 3 9  0. 0 0 9 5  
F U S  R N A -bi n di n g pr ot ei n F U S  1. 7 0  0. 0 0 9 9  
R A B E P 1  R a b  G T P as e -bi n di n g eff e ct or pr ot ei n 1  3. 0 3  0. 0 1 1 3  
DI R A S 2  G T P -bi n di n g pr ot ei n Di -R as 2  3. 0 4  0. 0 1 6 9  
P PI A  P e pti d yl -pr ol yl cis -tr a ns is o m er as e A  1. 8 8  0. 0 2 3 0  
C T N N A 1  C at e ni n al p h a -1  1. 7 7  0. 0 2 6 5  
R S U 1  R as s u p pr ess or pr ot ei n 1  1. 5 0  0. 0 2 6 7  
A K 2  A d e n yl at e ki n as e 2, mit o c h o n dri al  1. 5 7  0. 0 2 7 4  
R T C B  t R N A-s pli ci n g li g as e Rt c B h o m ol o g 1. 6 1  0. 0 2 7 5  
C F L 1  C ofili n -1  1. 9 5  0. 0 2 8 2  
A N X A 2  A n n e xi n A 2  1. 7 2  0. 0 3 1 6  
S E P T 1 0  S e pti n -1 0  1. 5 0  0. 0 3 4 4  
P S M D 4  
2 6 S pr ot e as o m e n o n -A T P as e r e g ul at or y 
s u b u nit 4 1. 5 1  0. 0 3 5 0  
M S N  M o esi n  1. 4 6  0. 0 3 5 5  
T L N 1  T ali n -1  1. 5 4  0. 0 3 5 5  
C D C 3 7  Hs p 9 0 c o -c h a p er o n e C d c 3 7  1. 8 3  0. 0 3 9 0  
P G A M 1  P h os p h o gl y c er at e m ut as e 1  1. 2 9  0. 0 3 9 6  
E S D  S -f or m yl gl ut at hi o n e h y dr ol as e 1. 4 1  0. 0 4 4 4  
C K A P 4  C yt os k el et o n -ass o ci at e d pr ot ei n 4, p arti al  1. 2 6  0. 0 4 4 7  
T F G  Pr ot ei n T F G  2. 4 5  0. 0 4 5 2  
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T a bl e 4 . 4: Si g nifi c a nt pr ot ei n s i n P D E 9-G F P -A P E X 2 a n al y si s.  
M ass s p e ctr o m etr y d at a  w as a n al y z e d b y LI M M A, c o m p ari n g bi oti n -p h e n ol t o bi oti n -p h e n ol 
wit h H 2 O 2  s a m pl es. R o ws hi g hli g ht e d i n gr a y i n di c at e pr ot ei ns t h at o v erl a p p e d wit h  t h e 
P D E 9 -F L A G c o -i m m u n o pr e ci pit ati o n d at a s et. All pr ot ei ns wit h p < 0. 1 ar e s h o w n.  
G e n e N a m e  Pr ot ei n N a m e  F ol d C h a n g e wit h H 2 O 2  P V al u e  
S L C 2 5 A 1  Tri c ar b o x yl at e tr a ns p ort 
pr ot ei n, mit o c h o n dri al  
1. 5 0  0. 0 0 6 4  
U B E 2 M  N E D D 8 -c o nj u g ati n g e n z y m e 
U b c 1 2  
1. 4 0  0. 0 1 3 1  
E I F 4 A 1  E u k ar y oti c i niti ati o n f a ct or 
4 A -I  
1. 4 0  0. 0 1 8 2  
K P N A 3  I m p orti n s u b u nit al p h a-4  1. 5 1  0. 0 2 3 3  
C Y FI P 1  C yt o pl as mi c F M R 1 -i nt er a cti n g 
pr ot ei n 1  
1. 6 6  0. 0 2 3 5  
A T P A F 1  A T P s y nt h as e mit o c h o n dri al F 1 
c o m pl e x ass e m bl y f a ct or 1  
1. 5 8  0. 0 3 1 7  
S D P R  S er u m d e pri v ati o n -r es p o ns e 
pr ot ei n  
1. 9 2  0. 0 3 5 8  
A K R 7 A 3  Afl at o xi n B 1 al d e h y d e r e d u ct as e 
m e m b er 3  
1. 3 6  0. 0 3 7 4  
A K R 1 C 5  Pr ost a gl a n di n -E( 2) 9 -r e d u ct as e-
li k e  
1. 6 3  0. 0 3 8 0  
H N R N P A B  H et er o g e n e o us n u cl e ar 
ri b o n u cl e o pr ot ei n A / B  
1. 5 2  0. 0 4 3 6  
T M E M 1 2 6 A  Tr a ns m e m br a n e pr ot ei n 1 2 6 A  1 . 3 4 0. 0 4 4 1  
M S N  M o esi n  1. 5 8  0. 0 4 5 1  
N A R S  As p ar a gi n e --t R N A li g as e, 
c yt o pl as mi c  
1. 5 6  0. 0 4 5 5  
L 2 H G D H  L -2 -h y dr o x y gl ut ar at e 
d e h y dr o g e n as e, mit o c h o n dri al  
1. 2 9  0. 0 4 8 6  
F L N B  Fil a mi n -B  1. 3 8  0. 0 4 9 4  
G S T M 3  Gl ut at hi o n e S -tr a nsf er as e M u 3  1. 6 5  0. 0 5 1 3  
A L D H 1 A 1  R eti n a l d e h y dr o g e n as e 1  1. 7 8  0. 0 5 3 2  
M R P S 1 0  2 8 S ri b os o m al pr ot ei n S 1 0, 
mit o c h o n dri al  
1. 3 1  0. 0 5 7 4  
G S P T 1  E u k ar y oti c  p e pti d e c h ai n r el e as e 
f a ct or G T P-bi n di n g s u b u nit 
E R F 3 A  
1. 3 6  0. 0 5 7 5  
T H Y N 1  T h y m o c yt e n u cl e ar pr ot ei n 1  1. 5 1  0. 0 5 9 6  
M I C O S 1 0  M I C O S c o m pl e x s u b u nit 
M I C 1 0  
1. 2 8  0. 0 6 0 0  
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D 2 H G D H  D -2 -h y dr o x y gl ut ar at e 
d e h y dr o g e n as e, mit o c h o n dri al  
1. 5 4  0. 0 6 0 7  
C A M K 2 B  C al ci u m / c al m o d uli n -d e p e n d e nt 
pr ot ei n ki n as e t y p e II s u b u nit 
b et a  
1. 2 6  0. 0 6 2 7  
C O X 4  C yt o c hr o m e c o xi d a s e 
s u b u nit 4 i s of or m 1, 
mit o c h o n dri al pr e c ur s or  
3. 9 1  0. 0 6 3 4  
F A M 1 2 0 A  C o nstit uti v e c o a cti v at or of 
P P A R -g a m m a -li k e pr ot ei n 1  
1. 6 3  0. 0 6 4 8  
I D E I ns uli n-d e gr a di n g e n z y m e   1. 3 9  0. 0 6 5 4  
EI F 5 A 2  E u k ar y oti c tr a nsl ati o n i niti ati o n 
f a ct or 5 A-2  
1. 4 4  0. 0 6 5 5  
G N AI 2  G u a ni n e n u cl e oti d e -bi n di n g 
pr ot ei n G(i) s u b u nit al p h a -2  
1. 6 7  0. 0 6 8 2  
C A P RI N 1  C a pri n -1  1. 6 0  0. 0 7 2 0  
T L N 1  T ali n -1  1. 4 0  0. 0 7 6 7  
P R M T 1  Pr ot ei n ar gi ni n e N -
m et h yltr a nsf er as e 1  
1. 3 1  0. 0 7 6 9  
P T G E S 2  Pr ost a gl a n di n E s y nt h as e 2  1. 3 0  0. 0 7 7 1  
R P S 1 2  4 0 S ri b os o m al pr ot ei n S 1 2  1. 2 2  0. 0 7 7 9  
P R K A A 2  5' -A M P -a cti v at e d pr ot ei n ki n as e 
c at al yti c s u b u nit al p h a -2  
1. 3 6  0. 0 7 8 2  
A R H G A P 1  R h o G T P as e -a cti v ati n g pr ot ei n 
1  
1. 2 4  0. 0 7 9 8  
W A R S  Tr y pt o p h a n --t R N A li g as e, 
c yt o pl as mi c  
1. 2 6  0. 0 8 0 3  
H S D 1 7 B 1 0  3 -h y dr o x y a c yl -C o A 
d e h y dr o g e n as e t y p e -2  
1. 3 8  0. 0 8 1 6  
R P L 1 0 A  6 0 S ri b os o m al pr ot ei n L 1 0 a  1. 3 3  0. 0 8 4 2  
N F K B 2  N u cl e ar f a ct or N F -k a p p a -B 
p 1 0 0 s u b u nit  
1. 4 9  0. 0 8 4 8  
D H X 1 5  Pr e -m R N A -s pli ci n g f a ct or 
A T P -d e p e n d e nt  R N A h eli c as e 
D H X 1 5  
1. 3 3  0. 0 8 7 8  
U B E 2 O  ( E 3-i n d e p e n d e nt) E 2 u bi q uiti n-
c o nj u g ati n g e n z y m e  
1. 4 4  0. 0 8 9 3  
G N AI 1  G u a ni n e n u cl e oti d e -bi n di n g 
pr ot ei n G(i ) s u b u nit al p h a-1  
1. 5 4  0. 0 9 0 1  
F A M 9 8 A  Pr ot ei n F A M 9 8 A  1. 5 8  0. 0 9 0 2  
M R P L 1 6  3 9 S ri b os o m al pr ot ei n L 1 6, 
mit o c h o n dri al  
1. 4 3  0. 0 9 1 2  
C F L 1  C ofili n -1  1. 3 5  0. 0 9 1 3  
S T A T 3  Si g n al tr a ns d u c er a n d a cti v at or 
of tr a ns cri pti o n 3  
1. 2 8  0. 0 9 1 5  
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G F M 1   El o n g ati o n f a ct or G, 
mit o c h o n dri al  
1. 2 5  0. 0 9 2 1  
C B R 1  C ar b o n yl r e d u ct as e [ N A D P H] 1  1. 3 4  0. 0 9 3 9  
MI C 2 6  MI C O S c o m pl e x s u b u nit 
MI C 2 6  
1. 3 0  0. 0 9 5 6  
P D E 9 A  Hi g h affi nit y c G M P -s p e cifi c 
3', 5' -c y cli c 
p h o s p h o di e st er a s e 9 A  
1. 8 8  0. 0 9 6 6  
D P Y S L 2  Di h y dr o p yri mi di n as e -r el at e d 
pr ot ei n 2  
1. 3 0  0. 0 9 6 6  
M P P 1  5 5 k D a er yt hr o c yt e m e m br a n e 
pr ot ei n  
1. 9 3  0. 0 9 6 7  
V D A C 1  V olt a g e -d e p e n d e nt a ni o n -
s el e cti v e c h a n n e l pr ot ei n 1  
1. 2 6  0. 0 9 7 2  
EI F 3 B  E u k ar y oti c tr a nsl ati o n i niti ati o n 
f a ct or 3 s u b u nit B  
1. 2 5  0. 0 9 7 3  
R S U 1  R as s u p pr ess or pr ot ei n 1  1. 5 6  0. 0 9 7 5  
C D C 4 2  C ell di visi o n c o ntr ol pr ot ei n 4 2 
h o m ol o g  
1. 6 2  0. 0 9 8 8  
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T a bl e 4 . 5: P at h w a y s a n al y si s f or si g nifi c a nt pr ot ei n s fr o m P D E 5-G F P -A P E X 2 
a n al y si s . 
Pr ot ei ns fr o m T a bl e 1 w er e s u bj e ct e d t o K E G G p at h w a ys a n al ysis utili zi n g t h e D A VI D 
d at a b as e.  
T er m  P V al u e  G e n e s  
F ol d 
E nri c h m e nt  
C ar b o n m et a b olis m  0. 0 0 2 1  D L S T, E S D, P G A M 1, P G A M 2  1 4. 1 6  
Bi os y nt h esis of a nti bi oti cs  0. 0 1 2 7  D L S T, P G A M 1, P G A M 2, A K 2  7. 4 8  
Gl y ci n e, s eri n e a n d 
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T a bl e 4 . 6: P at h w a y s a n al y si s f o r si g nifi c a nt pr ot ei n s fr o m P D E 9 -G F P -A P E X 2 
a n al y si s . 
Pr ot ei ns f r o m T a bl e 2 w er e s u bj e ct e d t o K E G G p at h w a ys a n al ysis utili zi n g t h e D A VI D 
d at a b as e.  
T er m  P V al u e  G e n e s  
F ol d 
E nri c h m e nt  
A x o n g ui d a n c e  0. 0 0 2 5  
C D C 4 2 , G N AI 2, G N AI 1, C F L 1, 
D P Y S L 2  8. 3 9  
Pr ot e o gl y c a ns i n c a n c er  0. 0 1 3 3  
C D C 4 2, C A M K 2 B, M S N, F L N B, 
S T A T 3  5. 2 2  
L e u k o c y t e 
tr a ns e n d ot h eli al mi gr ati o n 0. 0 1 5 4  C D C 4 2, G N AI 2, G N AI 1, M S N  7. 3 6  
O x yt o ci n si g n ali n g 
p at h w a y  0. 0 3 1 5  
G N AI 2, G N AI 1, C A M K 2 B, 
P R K A A 2  5. 5 9  
C h e m o ki n e si g n ali n g 
p at h w a y  0. 0 4 1 3  C D C 4 2, G N AI 2, G N AI 1, S T A T 3  5. 0 2  
P ert ussis  0. 0 4 4 6  G N AI 2, G N AI 1, C F L 1  8. 6 2  
G astri c a ci d s e cr eti o n  0. 0 4 5 7  G N AI 2, G N AI 1, C A M K 2 B  8. 5 0  
Cir c a di a n e ntr ai n m e nt  0. 0 6 1 0  G N AI 2, G N AI 1, C A M K 2 B  7. 2 3  
R e g ul ati o n of a cti n 
c yt os k el et o n  0. 0 7 0 6  C D C 4 2, C F L 1, C Y FI P 1, M S N  4. 0 3  
M el a n o g e n esis  0. 0 7 1 1  G N AI 2, G N AI 1, C A M K 2 B  6. 6 2  
Gl u c a g o n si g n ali n g 
p at h w a y  0. 0 7 3 8  P R M T 1, C A M K 2 B, P R K A A 2  6. 4 9  
C h oli n er gi c s y n a ps e  0. 0 7 3 8  G N AI 2, G N AI 1, C A M K 2 B  6. 4 9  
Ri b os o m e  0. 0 7 3 8  
M R P L 1 6, M R P S 1 0, R P S 1 2, 
R P L 1 0 A  3. 9 6  
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C H A P T E R 5: G e n er al Di s c u s si o n a n d C o n cl u si o n s  
 
 I n t his diss ert ati o n, I st u di e d t h e c o m p art m e nt ati o n of P D E 5 a n d P D E 9 i n t h e 
h e art . First, I e x a mi n e d  tr a ns cri pt o mi c r e g ul ati o n i n t h e h e art u n d er pr e ssur e -o v erl o a d str ess 
b y e a c h of t h es e t w o diff er e nt c G M P-s el e cti v e P D Es , t esti n g t h eir diff er e nti al i m p a ct o n 
b ot h o v er all g e n e e x pr essi o n a n d o n mi cr o R N A e x pr essi o n.  I t h e n e x a mi n e d t h e l o c ali z e d 
n a n o d o m ai ns  i n is ol at e d c ar di a c m y o c yt es usi n g c o -i m m u n o pr e ci pit ati o n a n d bi oti n yl ati o n 
str at e gi es c ou pl e d wit h  m ass s p e ctr o m etr y . 
 I n c h a pt er t w o, I t est e d t h e h y p ot h esis t h at i n hi biti o n of eit h er P D E 5 or P D E 9 i n a 
m o us e pr ess ur e -o v erl o a d m o d el of h e art f ail ur e w o ul d l e a d t o mi R N A a n d m R N A c h a n g es 
t h at w er e s p e cifi c t o n a n o d o m ai n c o ntr ol b y P D E 5 a n d P D E 9. I n t his st u d y, I d e m o nstr at e d 
t h at d es pite si mil ar p h e n ot y pi c i m pr o v e m e nt f oll o wi n g P D E 5 a n d P D E 9 i n hi biti o n i n t h e 
m o us e pr ess ur e o v erl o a d m o d el, t h er e is a virt u al l y bi n ar y diff er e n c e i n t h eir i m p a ct o n 
mi R N A e x pr essi o n. P D E 5 i n hi biti o n br o a dl y d o w nr e g ul at e d  mi R N As, r e v ersi n g m ost t h at 
ar e e n h a n c e d b y pr ess ur e -o v erl o a d str ess a n d l o w eri n g m a n y ot h ers t h at w er e n ot 
t h e ms el v es i n cr e as e d b y t h e dis e as e str ess. B y c o ntr ast, P D E 9 i n hi biti o n alt er e d  al m ost n o 
mi R N As w h e n c o m p ar e d t o t h e pr ess ur e -o v erl o a d h e art tr e at e d wit h v e hi cl e.  D es pit e t his 
stri ki n g diff er e n c e, R N A -s e q a n al ysis of m R N A e x pr essi o n r e v e al e d b ot h tr e at m e nts 
t ar g et e d m a n y g e n es t h at c o n v er g e d o n si mil ar si g n ali n g pat h w a ys . H o w e v er, t h e g e n es 
t h e ms el v es w er e l ar g el y diff er e nt, f urt h er r e v e ali n g u n d erl yi n g dis p ariti es i n t h e si g n ali n g 
i m p a ct fr om t h e t w o diff er e nt m et h o ds t o sti m ul at e t h e c G M P / P K G si g n al os o m e.  W it h 
r es p e ct t o mi R N A e x pr essi o n , I f o u n d t h e p h e n ot y p e aris es at t h e l e v el of m at ur e mi R N As, 
as e arli er f or ms of mi R N As g e n er at e d wit hi n t h e n u cl e us  w er e si mil ar b et w e e n P D E -
i n hibit or tr e at m e nt gr o u ps. T h e diff er e n c e i n pr o c essi n g w as n ot as cri b a bl e t o c h a n g es i n 
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e x pr essi o n of mi R N A pr o c essi n g g e n es , t h o u g h ot h er m e c h a nis ms i n cl u di n g p ost -
tr a nslati o n al c h a n g es i n t h eir a cti vit y r e m ai n t o b e d et er mi n e d . F urt h er m or e, b y 
d e m o ns tr ati n g t h at t h e stri ki n g c ar di a c mi R N A pr ofil e c h a n g e  foll o wi n g  P D E 5 i n hi biti o n 
w as b ot h or g a n a n d dis e as e s p e cifi c, it is u nli k el y t h at its i m p a ct r e q uir es a g e n er al alt er ati o n 
of f u n d a m e nt al mi R N A pr o c essi n g. I f urt h er s h o w e d t h at t ar g eti n g c G M P / P K G a c ti v ati o n 
e v e n wit hi n t h e s a m e p at h w a y - N O -s G C-P D E 5 –  b ut b y diff er e nt m e a ns d o es n ot tr a nslat e 
t o i d e nti c al c h a n g es i n mi R N A e x pr essi o n . S p e c ifi c all y, a cti v ati n g s G C r es ults i n 
d o w nr e g ul ati o n of mi R N As t h at w er e i n cr e as e d b y p r ess ur e-o v erl o a d str ess ( pr o -
h y p ertr o p hi c ), si mil ar t o c h a n g es wit h P D E 5 i n hi biti o n . B y c o ntr ast, mi R N As t h a t d e cli n e d 
wit h pr ess ur e -o v erl o a d ( a nti -h y p e rtr o p hi c) w er e f urt h er r e d u c e d b y P D E 5 i n hi biti o n, b ut 
br o a dl y u n c h a n g e d b y s G C sti m ul ati o n.  T his s p e a ks f urt h er t o t h e criti c al r ol e of 
c o m p art m e nt ali z ati o n e v e n of diff er e nt c o m p o n e nts wit hi n t h e s a m e si g n ali n g p at h w a y, a n d 
h o w t his c a n alt er d o w nstr e a m tr a ns cri pti o n al c h a n g es. T h e r es ults s u g g est t h at usi n g 
mi R N As as a bi o m ar k er f or p h e n ot y pi c i m pr o v e m e nt f oll o wi n g t h er a p y, as t est e d h er e f or 
p at h ol o gi c al c ar di a c h y p ertr o p h y, c a n b e misl e a di n g, as I d e m o nstr at e t h at s e v er al diff er e nt 
tr e at m e nts t h at c o nf er n e arl y i d e nti c al p h e n ot y pi c i m pr o v e m e nt of t h e dis e as e d h e art d o so 
wit h dr a m ati c all y diff er e nt mi R N A e x pr essi o n pr ofil es.  
 I n c h a pt er thr e e , I d efi n e d  t h e n a n o d o m ai n of P D E 9 i n c ar di a c m y o c yt es b y c o-
i m m u n o pr e ci pit ati o n a n d m ass s p e ctr o m etr y t o i d e ntif y bi n di n g part n ers of P D E 9 u n d er 
b ot h n or m al a n d h y p ertr o p hi c c o n diti o ns. I d et er mi n e d t h at P D E 9 r esi d es pri m aril y at t h e 
mit o c h o n dri a, a n d t h at it als o i nt er a cts wit h pr ot ei ns i n t he s ar c o pl as mi c r eti c ul u m. T his 
li k el y pla c es P D E 9 at t h e d y a d i c cl eft, w h er e t h e S R a n d mit o c h o n dri al m e m br a n es are 
p h ysi c all y cl os e.  T his r e gi o n pl a ys a k e y r ol e i n c al ci u m -s e nsi n g a n d A T P h o m e ost asis. 
P at h w a ys a n al ysis of s i g nifi c a nt pr ot ei ns i d e ntifi e d m et a b oli c p at h w a ys ass o ci at e d wit h 
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mit o c h o n dri a s u c h as o xi d ati v e p h os p h or yl ati o n, citri c a ci d c y cl e, a n d f att y a ci d o xi d ati o n, as 
w ell as c al ci u m si g n ali n g p at h w a ys ass o ci at e d wit h t h e s ar c o pl as mi c r eti c ul u m. N o si g nifi c a nt 
alt er ati o ns w er e s e e n wit h e n d ot h eli n tr e at m e nt t o sti m ul at e h y p e rtr o p h y, i n di c ati n g t h at 
P D E 9 d o es n ot r el o c ali z e u n d er h y p ertr o p hi c c o n diti o n s. 
 I n c h a pt er f o ur, I d e v el o p e d n o v el r e a g e nts t o st u d y P D E 5 a n d P D E 9 n a n o d o m ai ns 
i n a d ult c ar di om y o c yt es utili zi n g t h e p r o xi mit y pr ot e o mi cs a p pr o a c h of A P E X 2 t a g gi n g. 
C o nstr u cts w er e g e n er at e d  e x pr essi n g G F P -A P E X 2 -t a g g e d P D E 5 a n d P D E 9, w hi c h w er e 
d et er mi n e d t o a cti v el y h y dr ol y z e c G M P, l o c ali z e t o t h eir c orr e ct s u b c ell ul ar d o m ai n, a n d 
bi oti n yl at e n e ar b y pr ot ei ns. T h e b i oti n yl ati o n pr ot o c ol w as o pti mi z e d b y t h e a d diti o n of t h e 
a nti o xi d a nt N -a c et y l c yst ei n e a n d t h e pr ot ei n s y nt h esis i n hi bit or c y cl o h e xi mi d e, t o i n cr e as e 
o v er all bi oti n yl ati o n a n d d e cr e as e off -tar g et bi oti n yl ati o n, r es p e cti v el y.  D es pit e t h e cl e ar 
s u c c ess of t h e u n d erl yi n g e x p eri m e nt t o pr o d u c e a s u bst a nti al i n cr e as e i n bi oti n yl at e d 
pr ot ei ns u p o n  A P E X 2 a cti v ati o n , t h e m ass s p e ct r o m etr y a n d s u bs e q u e nt bi oi nf or m ati cs 
w er e  n ot o pti mi z e d t o d et e ct r esi d u es t h at w er e m o difi e d b y bi oti n. T his n e e ds t o b e 
c orr e ct e d t o d et e ct t h os e pr ot ei ns  t h at w er e tr ul y alt er e d , a n d o n g oi n g eff orts ai m t o d o t his. 
T h e d at a  I di d o bt ai n is m or e c o nsist e nt wit h t h e t ot al pr ot ei n g els f or t h es e e x p eri m e nts 
aft er t h e bi oti n p ul l-d o w n, w hi c h s h o w e d a p pr o xi m at el y e q u al pr ot ei n a cr oss t h e v ari o us 
s a m pl es, r e g ar dl ess of bi oti n yl ati o n  l e vels . I h y p ot h esi z e  t h at n o n -bi oti n yl at e d pr ot ei ns t h at 
w er e b o u n d  t o t h e s p e cifi c all y bi oti n yl at e d pr ot ei ns w er e als o p ull e d d o w n, a n d t h er ef or e I 
w as  u n a bl e t o d et er mi n e w hi c h  w er e  trul y bi oti n yl at e d . T h is li k el y l e d t o a v er y hi g h f als e 
dis c o v er y r at e , f e w hits, a n d littl e o v erl a p wit h t h e F L A G-p ull d o w n d a t a. T his will r e q uir e 
f urt h er bi oi nf or m ati cs m o difi c ati o ns, w hi c h ar e u n d er w a y. A n ot h er f e at ur e of A P E X 2 is its 
a bilit y t o pr o vi d e el e ctr o n mi c r os c o pi c d et e cti o n wit h o ut t h e n e e d for a n a nti b o d y.  T his  
w or k r e m ai ns t o b e p erf or m e d, b ut c a n als o pr o vi d e n a n o d om ai n l o c ali z ati o n d at a.  
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 I n s u m m ar y, I h a v e s h o w n t h at i n hi biti o n of P D E 5 an d P D E 9 h a v e hi g hl y 
diff er e nti al i m p a cts o n mi R N A r e g ul ati o n i n a m o us e h e art f ail ur e m o d el d es pit e si mil ar 
p h e n ot y pi c i m pr o v e m e nt, i n di c ati n g t h at c o m p art m e nt ati o n of e n z y m es is criti c al f or t h eir 
d o w nstr e a m si g n ali n g eff e cts. T his st u d y f urt h er d e m o nstr a t e d t h at mi R N As ar e n ot a 
r eli a bl e bi o m ar k er r e a d o ut f or tr e at m e nt effi c a c y i n h e art f ail ur e. I h a v e als o s h o w n t h at 
P D E 9 is l o c ali z e d t o mit o c h o n dri a i n c ar di o m y o c yt es, w h er e it i nt er a cts wit h m a n y 
m et a b oli c pr ot ei ns. It als o i nt erf a c es wit h t h e s ar c o pl as mi c r eti c ul u m t o p ot e nti all y r e g ul at e 
c al ci u m si g n ali n g. T his d at a i n di c at es t h at t h er a p e uti c all y t ar g eti n g P D E 9 m a y b e of b e n efit 
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1.  M a uri c e D H, K e H, A h m a d F, W a n g Y, C h u n g J a n d M a n g a n i ell o V C. A d v a n c es i n 
t ar g eti n g c y cli c n u cl e oti d e p h os p h o di est er as es. N at ure Revie ws Dr ug Discovery . 2 0 1 4; 1 3: 2 9 0-
3 1 4.  
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S c h mi dt CJ, H off m a n W E, H aj os M, M c D o w ell L, O’ C o n n or R E, M a c D o u g all -M ur p h y M, 
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F o ns e c a K R, B e c k er S L, N els o n F R a n d Lir as S. A p pli c ati o n of Str u ct ur e -B as e d Dr u g 
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8.  P a n dit J, F or m a n M D, F e n n ell K F, Di ll m a n K S a n d M e n niti F S. M e c h a nis m f or t h e 
all ost eri c r e g ul ati o n of p h os p h o di est er as e 2 A d e d u c e d fr o m t h e X -r a y str u ct ur e of a n e ar 
f ull-l e n gt h c o nstr u ct. Proc N atl Ac a d Sci U S A . 2 0 0 9; 1 0 6: 1 8 2 2 5-3 0.  
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A L, C h a m pi o n H C a n d K ass D A. C o m p art m e nt ali z ati o n of C ar di a c β -A dr e n er gi c I n otr o p y 
M o d ul ati o n b y P h os p h o di est er as e T y p e 5. Circ ul atio n . 2 0 07; 1 1 5: 2 1 5 9 -2 1 6 7.  
6 4.  T a ki m ot o E, C h a m pi o n H C, B el ar di D, M osl e hi J, M o n gill o M, M er gi a E, M o ntr os e 
D C, Is o d a T, A ufi er o K, Z a c c ol o M, D ost m a n n W R, S mit h CJ a n d K ass D A. c G M P 
c at a b olis m b y p h os p h o di est er as e 5 A r e g ul at es c ar di a c a dr e n er gi c sti m ul ati o n b y N O S 3 -
d e p e n d e nt m e c h a nis m. Circ ul atio n rese arc h . 2 0 0 5; 96: 1 0 0 -1 0 9.  
6 5.  T a ki m ot o E, C h a m pi o n H C, Li M, B el ar di D, R e n S, R o dri g u e z E R, B e dj a D, 
G a bri els o n K L, W a n g Y a n d K ass D A. C hr o ni c i n hi biti o n of c y cli c G M P p h os p h o di est er as e 
5 A pr e v e nts a n d r e v ers es c ar di a c  h y p ertr o p h y. N at ure me dici ne . 2 0 0 5; 1 1: 2 1 4-2 2 2.  
6 6.  S all o u m F N, A b b at e A, D as A, H o us er J -E, M u dri c k C A, Q ur es hi I Z, H o k e N N, 
R o y S K, Br o w n W R, Pr a b h a k ar S a n d K u kr ej a R C. Sil d e n afil ( Vi a gr a) att e n u at es is c h e mi c 
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c ar di o m y o p at h y a n d i m pr o v es l eft v e ntri c ul ar  f u n cti o n i n mi c e. A meric a n Jo ur n al of P hysiology - 
He art a n d Circ ul atory P hysiology . 2 0 0 8; 2 9 4: H 1 3 9 8-H 1 4 0 6.  
6 7.  K ass D A, C h a m pi o n H C a n d B e a v o J A. P h os p h o di est er as e T y p e 5: E x p a n di n g 
R ol es i n C ar di o v as c ul ar R e g ul ati o n. Circ ul atio n Rese arc h . 2 0 0 7; 1 0 1: 1 0 8 4-1 0 9 5.  
6 8.  O c k aili R, S all o u m F, H a w ki ns J a n d K u kr ej a R C. Sil d e n afil ( Vi a gr a) i n d u c es 
p o w erf ul c ar di o pr ot e cti v e eff e ct vi a o p e ni n g of mit o c h o n dri al K A T P c h a n n els i n r a b bits. 
A meric a n Jo ur n al of P hysiology - He art a n d Circ ul atory P hysiology . 2 0 0 2; 2 8 3: H 1 2 6 3-H 1 2 6 9.  
6 9.  S all o u m F N, O c k aili R A, Witt k a m p M, M ar w a h a V R a n d K u kr ej a R C. V ar d e n afil: a 
n o v el t y p e 5 p h os p h o d i est er as e i n hi bit or r e d u c es m y o c ar di al i nf ar ct si z e f oll o wi n g 
is c h e mi a /r e p erf usi o n i nj ur y vi a o p e ni n g of mit o c h o n dri al K A T P c h a n n els i n r a b bits. Jo ur n al 
of Molec ul ar a n d Cell ul ar C ar diology. 2 0 0 6; 4 0:4 0 5 -4 1 1.  
7 0.  D as A, S m ol e ns ki A, L o h m a n n S M a n d K u kr ej a R C. C y cli c G M P -d e p e n d e nt Pr ot ei n 
Ki n as e I a Att e n u at es N e cr osis a n d A p o pt osis F oll o wi n g Is c h e mi a / R e o x y g e n ati o n i n A d ult 
C ar di o m y o c yt e. Jo ur n al of Biologic al C he mistry. 2 0 0 6; 2 8 1: 3 8 6 4 4-3 8 6 5 2.  
7 1.  Z h a n g M , K oit a b as hi N, N a g a y a m a T, R a m b ar a n R, F e n g N, T a ki m ot o E, K o e n k e 
T, O' R o ur k e B, C h a m pi o n H C, Cr o w M T a n d K ass D A. E x pr essi o n, a cti vit y, a n d pr o -
h y p ertr o p hi c eff e cts of P D E 5 A i n c ar di a c m y o c yt es. Cell ul ar Sig n alli ng . 2 0 0 8; 2 0: 2 2 3 1-2 2 3 6.  
7 2.  S e n z a ki H, S mit h CJ, J u a n g GJ, Is o d a T, M a y er S P, O hl er A, P a ol o c ci N, T o m as elli 
G F, H ar e J M a n d K ass D A. C ar di a c p h os p h o di est er as e 5 ( c G M P -s p e cifi c) m o d ul at es β -
a dr e n er gi c si g n ali n g i n vi v o a n d is d o w n -r e g ul at e d i n h e art f ail ur e. T he F A S E B Jo ur n al . 
2 0 0 1; 1 5: 1 7 1 8 -1 7 2 6.  
7 3 . Z h a n g M, T a ki m ot o E, L e e DI, S a nt os C X, N a k a m ur a T, Hs u  S, Ji a n g A, N a g a y a m a 
T, B e dj a D, Y u a n Y, E at o n P, S h a h A M a n d K ass D A. P at h ol o gi c al c ar di a c h y p ertr o p h y 
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alt ers i ntr a c ell ul ar t ar g eti n g of p h os p h o di est er as e t y p e 5 fr o m nitri c o xi d e s y nt h as e -3 t o 
n at ri ur eti c p e pti d e si g n ali n g. Circ ul atio n . 2 0 1 2; 1 2 6: 9 4 2-5 1.  
7 4.  K o k a S, D as A, Z h u S G, D urr a nt D, Xi L a n d K u kr ej a R C. L o n g -a cti n g 
p h os p h o di est er as e -5 i n hi bit or t a d al afil att e n u at es d o x or u bi ci n -i n d u c e d c ar di o m y o p at h y 
wit h o ut i nt erf eri n g wit h c h e m ot h er a p e uti c  eff e ct. J P h ar m acol E x p T her. 2 0 1 0; 3 3 4: 1 0 2 3-3 0.  
7 5.  G u a z zi M, Vi c e n zi M a n d Ar e n a R. P h os p h o di est er as e 5 i n hi biti o n wit h sil d e n afil 
r e v ers es e x er cis e os cill at or y br e at hi n g i n c hr o ni c h e art f ail ur e: a l o n g -t er m c ar di o p ul m o n ar y 
e x er cis e t esti n g pl a c e b o -c o nt r oll e d st u d y. E ur J He art F ail . 2 0 1 2; 1 4: 8 2-9 0.  
7 6.  G u a z zi  M, Vi c e n zi M, Ar e n a R a n d G u a z zi M D. P D E 5 i n hi biti o n wit h sil d e n afil 
i m pr o v es l eft v e ntri c ul ar di ast oli c f u n cti o n, c ar di a c g e o m etr y, a n d cli ni c al st at us i n p ati e nts 
wit h st a bl e s yst oli c h e art f ail ur e: r es ults of a 1 -y e ar, pr os p e cti v e, r a n d o mi z e d, pl a c e b o -
c o ntr oll e d st u d y. Circ He art F ail . 2 0 1 1; 4: 8-1 7.  
7 7.  R e dfi el d M M, C h e n H H, B orl a u g B A, S e mi gr a n MJ, L e e K L, L e wis G, L e Wi nt er 
M M, R o ul e a u J L, B ull D A a n d M a n n D L. Eff e ct of p h os p h o di est er as e -5 i n hi bit i o n o n 
e x er cis e c a p a cit y a n d cli ni c al st at us i n h e art f ai l ur e wit h pr es er v e d ej e cti o n fr a cti o n: a 
r a n d o mi z e d cli ni c al tri al. J a m a. 2 0 1 3; 3 0 9: 1 2 6 8-1 2 7 7.  
7 8.  M o e ns A L, T a ki m ot o E, T o c c h etti C G, C h a kir K, B e dj a D, C or m a ci G, K et n er E A, 
M aj m u d ar M, G a bri els o n K , H al us h k a M K, Mit c h ell J B, Bis w al S, C h a n n o n K M, W oli n MS, 
Al p NJ, P a ol o c ci N, C h a m pi o n H C a n d K ass D A. R e v ers al of c ar di a c h y p ertr o p h y a n d 
fi br osis fr o m pr ess ur e o v erl o a d b y t etr a h y dr o bi o pt eri n: effi c a c y of r e c o u pli n g nitri c o xi d e 
s y nt h as e as a t h er a p e uti c str at e g y. Circ ul atio n . 2 0 0 8; 1 1 7: 2 6 2 6-3 6.  
7 9.  T a ki m ot o E, C h a m pi o n H C, Li M, R e n S, R o dri g u e z E R, T a v a z zi B, L a z z ari n o G, 
P a ol o c ci N, G a bri els o n K L, W a n g Y a n d K ass D A. O xi d a nt str ess fr o m nitri c o xi d e 
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s y nt h as e-3 u n c o u pli n g sti m ul at es c ar di a c p at h ol o gi c r e m o d eli n g fr o m c hr o ni c pr ess ur e l o a d. 
J Cli n I nvest. 2 0 05; 1 1 5: 1 2 2 1 -3 1.  
8 0.  N e o B H, K a n d hi S a n d W oli n M S. R ol es f or r e d o x m e c h a nis ms c o ntr olli n g pr ot ei n 
ki n as e G i n p ul m o n ar y a n d c or o n ar y art er y r es p o ns es t o h y p o xi a. A m J P hysiol He art Circ 
P hysiol . 2 0 1 1;3 0 1: H 2 2 9 5 -3 0 4.  
8 1.  K ar b a c h S, W e n z el P, W ais m a n A, M u n z el  T a n d D ai b er A. e N O S u n c o u pli n g i n 
c ar di o v as c ul ar dis e as es --t h e r ol e of o xi d ati v e str ess a n d i nfl a m m ati o n. C urr P h ar m Des . 
2 0 1 4; 2 0: 3 5 7 9 -9 4.  
8 2.  C ar ni c er R, Cr a btr e e MJ, Si v a k u m ar a n V, C as a d ei B a n d K ass D A. Nitri c o xi d e 
s y nt h as es i n h e art f ail ur e. A ntio xi d a nts & re do x sig n ali ng . 2 0 1 3; 1 8: 1 0 7 8-1 0 9 9.  
8 3.  S as a ki H, N a g a y a m a T, Bl a nt o n R M, S e o K, Z h a n g M, Z h u G, L e e DI, B e dj a D, 
Hs u S, Ts u k a m ot o O, T a k as hi m a S, Kit a k a z e M, M e n d els o h n M E, K ar as R H, K ass D A  a n d 
T a ki m ot o E. P D E 5 i n hi bit or effi c a c y is estr o g e n d e p e n d e nt i n f e m al e h e art dis e as e. J Cli n 
I nvest. 2 0 1 4; 1 2 4: 2 4 6 4-7 1.  
8 4.  v a n V el d h uis e n DJ, Li nss e n G C M, J a ars m a T, v a n Gilst W H, H o es A W, Tijss e n 
J G P, P a ul us WJ, V o ors A A a n d Hill e g e H L. B-T y p e N atri ur et i c P e pti d e a n d Pr o g n osis i n 
H e art F ail ur e P ati e nts Wit h P r es er v e d a n d R e d u c e d Ej e cti o n Fr a cti o n. Jo ur n al of t he A meric a n 
College of C ar diology . 2 0 1 3; 6 1: 1 4 9 8-1 5 0 6.  
8 5.  v a n H e er e b e e k L, H a m d a ni N, F al c ã o -Pir es I, L eit e -M or eir a A F, B e gi e n e m a n M P V, 
Br o n z w a er J G F, v a n d er V el d e n J, Sti e n e n GJ M, L a ar m a n GJ, S o ms e n A, V er h e u gt F W A, 
Ni ess e n H W M a n d P a ul us WJ. L o w M y o c ar di al Pr ot ei n Ki n as e G A cti vit y i n H e art F ail ur e 
Wit h Pr es er v e d Ej e cti o n Fr a cti o n. Circ ul atio n . 2 0 1 2; 1 2 6: 8 3 0-8 3 9.  
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8 6.  Fis h er D A, S mit h J F, Pill ar J S,  D e nis S H S a n d C h e n g J B. Is ol ati o n a n d 
C h ar a ct eri z ati o n o f P D E 9 A, a N o v el H u m a n c G M P-s p e cifi c P h os p h o di est er as e. Jo ur n al of 
Biologic al C he mistry . 1 9 9 8; 2 7 3: 1 5 5 5 9-1 5 5 6 4.  
8 7.  S o d erli n g S H, B a y u g a SJ a n d B e a v o J A. I d e ntifi c ati o n a n d c h ar a ct eri z ati o n of a n o v el  
f a mil y of c y cli c n u cl e oti d e p h os p h o di est er as es. J Biol Che m . 1 9 9 8; 2 7 3: 1 5 5 5 3-8.  
8 8.  H o e n d er mis E S, Li u L C, H u m m el Y M, v a n d er M e er P, d e B o er R A, B er g er R M, 
v a n V el d h uis e n DJ a n d V o ors A A. Eff e cts of sil d e n afil o n i n v asi v e h a e m o d y n a mi cs a n d 
e x er cis e c a p a ci t y i n h e art f ail ur e p ati e nts wit h pr es er v e d ej e cti o n fr a cti o n a n d p ul m o n ar y 
h y p ert e nsi o n: a r a n d o mi z e d c o ntr oll e d tri al. E uro pe a n he art jo ur n al . 2 0 1 5: e h v 3 3 6. 
8 9.  H ei n e k e J, A u g er -M essi er M, X u J, O k a T, S ar g e nt M A, Y or k A, Kl e vits k y R, 
V ai k u nt h S, D u n c a n S A, Ar o n o w BJ, R o b bi ns J, Cr o m bl e h ol m e T M a n d M ol k e nti n J D . 
C ar di o m y o c yt e G A T A 4 f u n cti o ns as a str ess -r es p o nsi v e r e g ul at or of a n gi o g e n esis i n t h e 
m uri n e h e art. J Cli n I nvest. 2 0 0 7; 1 1 7: 3 1 9 8-2 1 0.  
9 0.  S u T, Z h a n g T, Xi e S, Y a n J, W u Y, Li X, H u a n g L a n d L u o H -B. Dis c o v er y of 
n o v el P D E 9 i n hi bit ors c a p a bl e of i n hi biti n g A β  a g gr e g ati o n as p ot e nti al c a n di d at es f or t h e 
tr e at m e nt of Al z h ei m er’s dis e as e. Scie ntific Re ports . 2 0 1 6; 6: 2 1 8 2 6. 
9 1.  H e c k m a n P R A, W o ut ers C a n d Pri c k a erts J. P h os p h o di est er as e I n hi bit ors as a 
T a r g et f or C o g niti o n E n h a n c e m e nt i n A gi n g a n d Al z h ei m er’s Dis e as e: A Tr a nsl ati o n al 
O v er vi e w. C urre nt p h ar m ace utic al desig n . 2 0 1 5; 2 1: 3 1 7-3 3 1.  
9 2.  R e n e er k e ns O A, R utt e n K, St ei n b us c h H W, Bl o kl a n d A a n d Pri c k a erts J. S el e cti v e 
p h os p h o di est er as e i n hi bit ors: a pr o misi n g t ar g et f or c o g niti o n e n h a n c e m e nt. 
Psyc ho p h ar m acol ogy ( Berl). 2 0 0 9; 2 0 2: 4 1 9-4 3.  
9 3.  H uts o n P H, Fi n g er E N, M a gli ar o B C, S mit h S M, C o n v ers o A, S a n d ers o n P E, 
M ulli ns D, H y d e L A, Es c hl e B K, T ur n b ull Z, Sl o a n H, G u z zi M, Z h a n g X, W a n g A, 
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Ri n d g e n D, M a z z ol a R, Vi vi a n J A, E d di ns D, Usl a n er J M, B e d n ar R, G a m b o n e C , L e-M air 
W, M ari n o MJ, S a c hs N, X u G a n d P ar m e nti er -B att e ur S. T h e s el e cti v e p h os p h o di est er as e 9 
( P D E 9) i n hi bit or P F-0 4 4 4 7 9 4 3 ( 6 -[( 3 S, 4 S)-4 -m et h yl -1 -( p yri mi di n-2 -yl m et h yl) p yrr oli di n -3 -
yl] -1 -(t etr a h ydr o -2 H -p yr a n -4 -yl) -1, 5 -di h y dr o -4 H -p yr a z ol o[ 3, 4 -d] p yri mi di n -4 -o n e) e n h a n c es 
s y n a pti c pl asti cit y a n d c o g niti v e f u n cti o n i n r o d e nts. Ne uro p h ar m acology . 2 0 1 1; 6 1: 6 6 5-6 7 6.  
9 4.  V ar di g a n J D, C o n v ers o A, H uts o n P H a n d Usl a n er J M. T h e S el e cti v e 
P h os p h o di est er as e 9 ( P D E 9) I n hi bit or P F -0 4 4 4 7 9 4 3 Att e n u at es a S c o p ol a mi n e -I n d uc e d 
D efi cit i n a N o v el R o d e nt Att e nti o n T as k. Jo ur n al of Ne uroge netics. 2 0 1 1; 2 5: 1 2 0-1 2 6.  
9 5.  Fr oli c h L, W u n d erli c h G, T h a m er C, R o e hrl e M, G ar ci a M, Jr. a n d D u b ois B. 
E v al u ati o n of t h e effi c a c y, s af e t y a n d t ol er a bilit y of or all y a d mi nist er e d BI 4 0 9 3 0 6, a n o v el 
p h os p h o di est er as e t y p e 9 i n hi bit or, i n t w o r a n d o mis e d c o ntr oll e d p h as e II st u di es i n  p ati e nts 
wit h pr o dr o m al a n d mil d Al z h ei m er's dis e as e. Al z hei mers Res T her . 2 0 1 9; 1 1: 1 8. 
9 6.  M c M urr a y JJ, P a c k e r M, D es ai A S, G o n g J, L ef k o wit z M P, Ri z k al a A R, R o ul e a u J L, 
S hi V C, S ol o m o n S D, S w e d b er g K, Zil e M R, I n v esti g at ors P -H a n d C o m mitt e es. 
A n gi ot e nsi n -n e pril ysi n i n hi biti o n v ers us e n al a pril i n h e art f ail ur e. N E ngl J Me d . 
2 0 1 4; 3 7 1: 9 9 3 -1 0 0 4.  
9 7.  F a w c ett L, B a x e n d al e R, St a c e y P, M c Gr o ut h er C, H arr o w I, S o d erli n g S, H et m a n J, 
B e a v o J A a n d P hilli ps S C. M ol e c ul ar cl o ni n g a n d c h ar a ct eri z ati o n of a disti n ct h u m a n 
p h os p h o di est er as e g e n e f a mil y: P D E 1 1 A. Proc N atl Ac a d Sci U S A . 2 0 0 0; 9 7: 3 7 0 2-7.  
9 8.  H a M a n d Ki m V N. R e g ul ati o n of mi cr o R N A bi o g e n esis. N at Rev Mol Cell Biol . 
2 0 1 4; 1 5: 5 0 9 -2 4.  
9 9.  Ols o n E N. Mi cr o R N As as t h er a p e uti c t ar g ets a n d bi o m ar k ers of c ar di o v as c ul ar 
dis e as e. Scie nce tr a nsl atio n al me dici ne . 2 0 1 4; 6: 2 3 9 ps 3. 
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1 0 0.  S h a h R, Zi e gl er O, Y eri A, Li u X, M urt h y V,  R a bi d e a u D, Xi a o C Y, H a ns p ers K, 
B el c h er A, T a c k ett M, R os e n z w ei g A, Pi c o A R, J a n u z zi J L a n d D as S. Mi cr o R N As 
Ass o ci at e d Wit h R e v ers e L eft V e ntri c ul ar R e m o d eli n g i n H u m a ns I d e ntif y P at h w a ys of 
H e art F ail ur e Pr o gr essi o n. Circ He art F ail . 2 0 1 8; 1 1: e 0 0 4 2 7 8. 
1 0 1.  C astr o -Vill e g as C, P er e z -S a n c h e z C, Es c u d er o A, Fili p es c u I, V er d u M, R ui z -Li m o n 
P, A g uirr e M A, Ji m e n e z -G o m e z Y, F o nt P, R o dri g u e z -Ari z a A, P e i n a d o J R, C oll a nt es-
Est e v e z E, G o n z al e z -C o n ej er o R, M arti n e z C, B ar b arr oj a N a n d L o p e z -P e dr er a C. 
Cir c ul ati n g mi R N As as p ot e nti al bi o m ar k ers of t h er a p y eff e cti v e n ess i n r h e u m at oi d art hritis 
p ati e nts tr e at e d wit h a nti -T N F al p h a. Art hritis rese arc h & t her a py . 2 0 1 5; 1 7: 4 9.  
1 0 2.  L o p e z J P, K os A a n d T ur e c ki G. M aj or d e pr essi o n a n d its tr e at m e nt: mi cr o R N As as 
p eri p h er al b i o m ar k ers of di a g n osis a n d tr e at m e nt r es p o ns e. C urre nt o pi nio n i n psyc hi atry . 
2 0 1 8; 3 1: 7 -1 6.  
1 0 3.  D a n g w al S, S c hi m m el K, F oi n q ui n os A, Xi a o K a n d T h u m T. N o n c o di n g R N As i n 
H e art F ail ur e. H a n d boo k of e x peri me nt al p h ar m acology . 2 0 1 7; 2 4 3: 4 2 3-4 4 5.  
1 0 4.  v a n R o oi j E, S ut h erl a n d L B, Qi X, Ri c h ar ds o n J A, Hill J a n d Ols o n E N. C o ntr ol of 
str ess-d e p e n d e nt c ar di a c gr o wt h a n d g e n e e x pr essi o n b y a mi cr o R N A. Scie nc e. 2 0 0 7; 3 1 6: 5 7 5-
9.  
1 0 5.  v a n R o oij E, S ut h erl a n d L B, Li u N, Willi a ms A H, M c A n all y J, G er ar d R D, 
Ri c h ar ds o n J A a n d Ols o n E N. A si g n at ur e p att er n of str ess -r es p o nsi v e mi cr o R N As t h at c a n 
e v o k e c ar di a c h y p ertr o p h y a n d h e art f ail ur e. Proc N atl Ac a d Sci U S A . 2 00 6; 1 0 3: 1 8 2 5 5 -6 0.  
1 0 6.  C ar e A, C at al u c ci D, F eli c etti F, B o n ci D, A d d ari o A, G all o P, B a n g M L, S e g n ali ni P, 
G u Y, D alt o n N D, Eli a L, L atr o ni c o M V, H o y d al M, A ut or e C, R uss o M A, D or n G W, 2 n d, 
Elli n gs e n O, R ui z -L o z a n o P, P et ers o n K L, Cr o c e C M, P es c hl e C a n d C o n d or elli G. 
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